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I. INTRODUCTION 

The pathways by which materials move into animal organisms, trans
fer from one body compartment to another, and pass out into the en
vironment almost invariably include at each step the traversal of one or 
more cell membranes. The single prominent exception to this is in the 
exchanges across capillary walls between the intravascular plasma and 
extravascular interstitial fluids, where (other than in the central nervous 
system) the movement is largely through intercellular passages, and 
accordingly contrasts with other biological translocations in its un-
restrictiveness and lack of chemical specificity. Even rather highly poly
merized sugars like inulin pass freely through these leaky barriers; but 
any discussion of carbohydrate movements elsewhere in animal systems 
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must deal essentially with the permeation of these molecules through 
cell {plasma) membranes. 

However, the recognized general characteristics of cell membrane 
permeability do not suggest any likelihood that carbohydrates will be 
able to pass through these structures at all. The wealth of hydroxyl 
groups in sugar molecules precludes the high lipoid solubility which 
classically has been associated with more ready penetration into the 
membrane phase; and even the monosaccharides are slightly too large 
for any appreciable access to be offered by way of the limited areas of 
lesser apolarity ("aqueous pores"?) through which smaller neutral 
molecules appear to enter typical animal cells. The common observation 
in a very wide variety of cell types, however, is that, while Saccharides 
are essentially universally excluded, some degree of transmembrane 
passage of many wOTosaccharides is effected byway of selective transport 
mechanisms at the cell surface. In fact, insofar as the matter has been 
pursued, there does not seem to be any class of animal cells totally 
lacking in such special monosaccharide transport apparatus, unless 
perhaps it is in bone [1]. This is not surprising in view of the recognized 
importance of some simple sugars as substrates for intracellular metab
olism. 

Sugar transport activities are especially obvious in certain epithelial 
cell layers: the functional significance (at least in the vertebrates) of the 
absorption of D-glucose through the wall of the digestive tract, and back 
into the circulation from the renal tubules after its filtration through 
the glomeruli, has been appreciated by several generations of physiol
ogists. Moreover, it has been evident at least since the observations of 
Clark [2] on the frog kidney in 1922 and of Barany and Sperber [3] on 
rabbit intestine in 1939 that these specialized absorptive epithelia are 
capable of moving this sugar uphill (from a compartment at a lower 
glucose level to another at a higher level); on this basis alone one is 
probably forced to postulate some sort of intermolecular association 
between glucose and a membrane component as essential to the trans
locating process. 

However, in spite of an ever-increasing concentration of attention on 
these phenomena in the last three decades, the only other documented 
occurrence of such active transport of carbohydrates in any other type 
of animal cell or tissue seems to be in the chorioid plexus of the dog [4].* 

* Gilbert [5] claims that guinea pig cerebral cortical slices show concentrative uptake of 
D-xylose when incubated in vitro; but Kleinzeller and Joanny [6] were unable to verify this, 
and, in unpublished observations from the author's laboratory, no such process was evident 
in rat brain slices. 
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Various microbes (see Roseman's chapter in this volume) also share the 
capacity of the absorptive epithelia for coupling of the sugar permeation 
apparatus to some exergonic metabolic process, such that "pumping" 
of the sugar against a difference in its chemical potential is achieved; 
but, in typical animal cells, the special sugar transport mechanism seems 
merely to provide a selective passage for certain monosaccharides, 
allowing them access through what would otherwise evidently be a 
virtually impenetrable barrier. The energy effecting transfer by this 
means must, in the last analysis, be provided by the sugars' own thermal 
escaping tendencies, and consequently (except in certain peculiar ex
perimentally contrived situations to be emphasized later) any net move
ment will always be " downhill," in keeping with the activity gradient. 

Danielli's [7] term for this sort of process, facilitated diffusion, has 
now become generally accepted; since, as noted above, this is certainly 
the most widespread mechanism for transfer of monosaccharides 
through animal cell membranes, and since, as will be developed later, the 
active transport systems may be visualized as resulting from a secondary 
complication superimposed on the basic framework presumed to under
lie the operation of these facilitated diffusion systems, the latter will be 
given first consideration here. 

II. THE FACILITATED DIFFUSION SYSTEMS 

Lacking the capacity to deliver their substrates in a direction counter 
to their activity gradients, these systems deviate in their behavior less 
dramatically from simple diffusion processes than do the true " pumps "; 
and, requiring no metabolic energy investment, they commonly are 
quite insensitive to metabolic poisons and various "unphysiological" 
conditions which might well terminate any pump activity. Accordingly, 
their existence was less immediately obvious, and it was not until the 
late 1940s that attention to various kinetic aspects of sugar permeation 
(chiefly in human erythrocytes) revealed serious incompatibilities with 
simple diffusion behavior: nonaccumulative sugar transfers showed 
"saturation" characteristics in the proportional diminution of rates as 
concentration gradients were increased, and in apparently competitive in
teractions when two monosaccharides were presented concurrently. Also, 
differential treatment of stereoisomers (even of direct enantiomorphs) 
was noted; and peculiar sensitivities to small doses of blocking or 
enhancing agents were seen in the absence of any generalized changes in 
nonspecific cell permeabilities. In fact, a large portion of the heavy 
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concentration of interest in these systems in the last two decades is 
clearly attributable to the finding that the hormone insulin (or some 
functional facsimile) is required for full activation of the system in the 
bulk of the vertebrate body tissues. (Indeed, for some years this effect of 
insulin was widely supposed to constitute the hormone's principal action, 
from which the whole spectrum of secondary responses derived.) 

In certain types of cells, however, comparable facilitated diffusion 
sugar transports proceed apparently without regard to the presence or 
absence of insulin. The properties of these presumably more primitive 
systems will be considered before proceeding to their insulin-dependent 
counterparts. 

A. Insulin-Independent Systems 

1. ERYTHROCYTES 

Primarily for technical reasons, it has been largely through studies on 
human erythrocytes that the most detailed analysis of facilitated diffusion 
sugar transport has been achieved. Kozawa had already established in 
1914 [8] that the erythrocytes of man and macaque were vastly more 
sugar-permeable than those of assorted rodents, carnivores, and ungulates; 
and even today only a few studies with the much slower nonprimate 
species [9-12] may be cited as the basis for extending to other orders of 
mammals the widely documented characteristics of the system in human 
erythrocytes. However, such extension is given special significance by 
Widdas' discovery [13] that the fetal erythrocytes of rabbits, guinea pigs, 
pigs, sheep, and deer all show glucose permeabilities of the same order 
(and comparable kinetics) as seen in adult human erythrocytes, a fairly 
abrupt loss of this capacity developing in the nonprimate species approx
imately at the time of birth.* 

a. Kinetics and Suggested Models. Beginning with Ege's thesis at 
Copenhagen in 1919 [15], a number of semiquantitative reports on the 
partition of blood glucose [17-22] had expressed concern over an 
apparent anomaly: while the natural blood sugar appeared to be evenly 
distributed in the cellular and plasma water (and small increments of 
glucose were similarly equilibrated almost instantly), the uptake from 
concentrations of 0.1 Μ or more was extremely slow; and, in isosmotic 
glucose solutions, osmotic hemolysis generally failed to occur altogether. 
Thus when Bang and 0rskov [16] sought to apply Fick's law to this 
uptake as a diffusion process, they had to conclude that the apparent 

* Goodwin [14] notes that, at the same time, the blood glucose in these species gradually 
shifts from an even distribution throughout the blood water to become totally extracellular. 
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velocity constant was reduced by more than half when the sugar level 
was doubled; this relationship was extended by Guensberg [23] to a 
range of three orders of magnitude, to show a fairly rectilinear log-log 
inverse relationship between concentration and rate constant. 

This kinetic peculiarity had been variously attributed to clogging of 
membrane passages by adsorbed sugar, leakage of cell contents into the 
abnormal media, or direct damage to the membranes' permeability 
properties by the higher sugar concentrations. But LeFevre [24] sug
gested that his parallel observations on the saturation of transfer, as 
well as the action of sulfhydryl inhibitors and the apparently competitive 
phenomena in mixtures of different monosaccharides [25], all accorded 
with the notion that the sugars passed through the cell membranes not by 
simple " permeation," but by forming a transient stoichiometric complex 
with a limited number of reactive sites presented by the cell surfaces. 
Wilbrandt and Rosenberg [26,27] pictured this as following a conven
tional Michaelis-Menten enzymatic reaction sequence: a reversible com
bination of sugar and " carrier " (or a preliminary enzyme) at the point of 
entry into the membrane, the carrier-sugar complex then proceeding 
by diffusion to the other side where an irreversible decomposition 
released the sugar to the other aqueous phase. Since certain inhibitors 
appeared to act at the latter step rather than at the entry point, Wil
brandt and Rosenberg postulated that two sets of enzymes at each sur
face are required to account for the full transport operation in both 
directions. But, noting the lack of evidence of any irreversible step in the 
system, the LeFevres [28] preferred to view the system in simpler terms, 
such that the membrane merely provides a sugar-binding entity having 
access to both interfaces. It was shown that this model accorded well 
with the observed kinetics, provided it were assumed that the adsorp-
tion-desorption at the outer surface is much faster than at the inner 
(possibly by reason of catalysis). 

In place of any such fixed-site hypothesis, Widdas advanced the sug
gestion [29] that at both interfaces the reactions are relatively rapid and 
entirely equivalent, the rate limitation arising instead in an interposed 
step whereby the complex is transferred from one side to the other. The 
observed kinetics indicated this intramembrane event to be first order 
with respect to the hypothetical complex, and therefore imaginable 
either as an actual diffusion or as any spontaneous activation, reorient
ation, or conformational change occurring randomly. The decisive 
evidence for such a mobile carrier operation soon appeared, in the form 
of demonstrations in both rabbit [9] and human erythrocytes [30] of 
the counter flow (or countertransport) phenomenon: net flow of a trans
port substrate against a concentration difference may occur for a 
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limited time after the addition on one side only of a competing substrate 
(because the back flux from that side is prevented by displacement of the 
first substrate from the reactive sites). For such behavior to occur, it is 
necessary that the sugar-binding sites accessible from the two sides of 
the barrier be in constant interchange, but at any given moment mutually 
exclusive (i. e., they must be dynamic subdivisions of a limited stock of 
one basic entity). 

Widdas' model accounts very satisfactorily for many details in the 
patterns of net entry and exit of glucose and other monosaccharides 
through erythrocyte (and other cell) membranes in a wide variety of 
experimental situations, as well as for the otherwise paradoxical be
havior of isotopically labeled sugars in erythrocyte suspensions [31-33]; 
and for about ten years the model seemed to provide a quite adequate 
picture of the system. However, Britton [34] and Lacko et al. [35] had 
called attention to one kinetic deviation that seemed to require a further 
complication in the schema, and in 1965 this was systematically exam
ined by Levine et al. [36] and by Mawe and Hempling [37]*: unidirec
tional efflux of glucose from human red cells into an appreciable glucose 
concentration is substantially faster than into a sugar-free environment. 
This indicates that the complexing of the carrier with substrate hastens 
the rate-limiting transmembrane carrier movement, so that the apparent 
mobility of the complexed carrier is about four times that of the free 
carrier.f The resultant picture of the modified Widdas schema is dia
grammed in Fig. 1. 

Unfortunately, in the several years since this refinement of the model, 
a number of additional quantitative incongruities have become ap
parent. Miller [38,39] reports that, even when several diverse sorts of 
kinetic experiment on erythrocyte sugar transfer were carried out under 
comparable conditions and with precise control in the same laboratory, 
there were at least three serious quantitative discrepancies in fitting to 
the model of Fig. 1. 

1. When both measurements were made at a reasonably low temper
ature, the glucose-complex dissociation constant estimated as a Kt 

(from the kinetics of inhibition by glucose of sorbose entry or exit [29]) 
vastly exceeded that given as a Km (by the kinetics of the decrease in 
initial rate of glucose exit from cells preloaded at a saturating concen-

* A self-contradiction that is obvious in Mawe and Hempling's theoretical analysis 
regrettably led to adoption of a quite improper procedure for conversion of the experimental 
data; correction of this error, however, only further amplifies the deviation of the observed 
behavior from that expected with the original Widdas model. 

t However, Regen and Morgan's studies with rabbit erythrocytes [10] appear to rule out 
explicitly the need for presuming any such complication in this species. 
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Side I Membrane Side 2 

S, + ι 

Sugar-carrier complex translocation 

SC, S C2 

(slow) 

Association-dissociation 
(rapid) 

Empty carrier translocation 

(slowest of all) 

FIG . 1. Widdas model for facilitated diffusion system, modified to encompass substrate-
induced enhancement of carrier mobility [36,37]. S represents sugar (or other transport 
substrate); C, the "car r ie r" ; SC, sugar-carrier complex. The D's are respective diffusion 
constants (or other expressions of probability of transmembrane activation). The k's are 
velocity constants for association and dissociation of the complex, determining the K's as 
equilibrium (dissociation) constants. For facilitated diffusion, Kx = K2 (and probably usually 
ki^k* and k2=k3). Should Κι and K2 be rendered jwequal (by way of coupling with 
other reactions so that either C or SC becomes qualitatively different at the two interfaces), 
an active transport results. 

tration, as the extracellular level is raised [40]; and, as already empha
sized by Levine and Stein [41], these two A '̂s were shifted oppositely by 
any temperature change. 

2. The acceleration of unidirectional (tracer) flux in response to 
addition of a sugar to the output side [36,37] was appreciably greater 
when the two sugars were of different species than when either sugar's 
^^-acceleration was tested.* 

3. The transient counterflow of labeled glucose elicited by an asym
metry in cold glucose distribution peaked definitely at an earlier time, 
and at a lower value, than is consistent with the transport parameters 
independently measured. 

* Naftalin [42] has recently proposed an explanation for this as an interdiffusion dis
placement effect, but it is based on the totally inappropriate assumption of a rigidly fixed 
cell volume, and a serious misinterpretation of LeFevre and Davies' [25] comparative 
uptake rates in terms of differences in influx. 
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These quantitative differences are in part the basis for Lieb and Stein's 
recent proposal [43] of a much more elaborate (tetrameric) model for the 
carrier unit, the success of which remains to be tested. Two earlier sug
gestions by Stein also deserve mention: (a) the dimerizer hypothesis 
[44,45] proposed that the solubilization of sugars in the membrane by 
the special reactive sites occurs not through direct complexing as such, 
but by selective catalysis of the formation of less polar sugar-sugar 
dimers through hydrogen bonding.* The experimental bases for this 
suggestion were, however, negated by two independent reinvestigations 
[47,48]; and Stein [49] has now abandoned this model insofar as the 
true sugars are concerned; however, a similar interpretation [50-52] of 
the facilitated diffusion of glycerol [24] and related molecules in these 
same cells still perhaps offers the simplest picture fitting the observations, 
(b) Steins's hemiport hypothesis [53] proposes that the sugar-reactive sites 
(protein subunits) remain anchored to a given aqueous phase (unable to 
bridge the barrier), but are mobile in the plane of the membrane and may 
(when juxtaposed) exchange substrate with their counterparts on the 
opposite face by intraprotein interactions across the membrane. This 
model appears particularly suited to the higher-than-first-order char
acter of a number of reactions reported for this and other transport 
systems, some of which are quite difficult to bring into accord with 
models of the Widdas type; but there is essentially no other argument 
for adopting the hemiport picture of the membrane structure. 

The necessity for presumption of any sort of carrier mediation in this 
system has not gone unchallenged. Two doctoral theses from the 
Princeton Biology Department (Mawe [54] and Faust [55]) purported to 
show (by differing means) that the half-time for glucose entry into human 
erythrocytes remained almost invariant with concentration up to 0.3-
0.4 M. This directly conflicts not only with all other published reports, 
but also with the common experience in many student laboratories 
where this system has been used for ready demonstration of the satur
ation phenomenon. Moreover, LeFevre [56] showed that many of Mawe's 
data in fact accorded well with the carrier hypothesis, rather than 
supporting his alternative thesis. Faust's ad hoc proposal of an " altered 
diffusion" mechanism lacks any predictive utility, since it allows the 
diffusion resistance to vary so as to accommodate any observed kinetics 

* As Wilbrandt and Kotyk [46] point out, this sort of model cannot account for any 
counterflux phenomenon; however, with several low-affinity sugars they found certain 
kinetic evidence of cotransport, suggesting that carrier complexes bearing two sugar mole
cules might be more readily translocated than the monocomplexes. This work evidently 
has not proved readily repeatable. 
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or stereoselectivity whatever; in any case it is directly negated by many 
of the observed flux characteristics [9,30,31,33]. 

b. Competition and Specificity. A rather high degree of stereoselec
tivity among the common hexoses and pentoses was apparent in the 
early studies of their comparative penetration into human erythrocytes 
[8,57]. Wilbrandt showed that a distinction is made even between 
enantiomorphs [58], D-xylose and L-arabinose entering readily (and 
competing in so doing), while L-xylose and D-arabinose are essentially 
excluded. The differences in sequence reported in this older work were 
reconciled by LeFevre and Davies [25]: on the basis of the differing 
concentrations used, the whole pattern accords with the apparent 
affinity series that could be gleaned both from the differing concentra
tion dependencies of the transport of the several sugars and from their 
competitive interplay. Later kinetic experiments allowed more quan
titative expression of these affinities in terms of apparent dissociation 
constants (Km's) [59,60]; and further assurance in the general validity of 
the Widdas model was given by the finding [61] that, even though these 
affinity constants varied over three orders of magnitude, the F m a x for 
the transfer appeared to be essentially the same for all (Table I). This 
strengthened the conclusion Widdas had drawn, in his comparison of 
the several species of fetal erythrocytes [13], to the effect that the inter
specific differences had their basis in differing mobilities or concen
tration of carriers rather than in their having qualitatively different 
reactive properties. Nevertheless, the detailed structural requirements 
for the much slower process in adult rabbit erythrocytes [12] do differ 
somewhat from those observed in human cells (e.g., D-fructose and 
α-methyl-D-glucoside penetrate nearly as readily as D-glucose in rabbit 
cells but are very poor penetrants in human erythrocytes). Distinct 
differences have also been pointed out in these two species in the patterns 
of kinetics and competition [9,10]. 

Although the affinities vary so widely in the human erythrocyte 
system that almost any two monosaccharides can be distinguished on this 
account, the range of monosaccharide structures accepted is so broad 
that no meaningful list of configurational requirements can be drawn up. 
Highest affinity is shown by the natural blood sugar D-glucose and its 
2-deoxy analog; the other common aldohexoses follow, overlapping the 
common aldopentoses. Only quite low affinity is shown by the keto-
hexoses, and the rare L-isomers of the highest-affinity aldoses are ap
parently completely unreactive. For all the aldoses, a rather systematic 
correlation with molecular shape was noted by LeFevre and Marshall 
[62,60], suggesting (a) that reaction with the specific membrane sites 
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TABLE I 

HUMAN ERYTHROCYTE TRANSPORT RATE AND 
AFFINITY CONSTANTS FOR SIX ALDOSES 

Apparent Km

a V a 

r max Aldose m (M*/min) 

D-Mannose 0 . 0 1 3 0 . 6 3 
D-Galactose 0 . 0 3 6 0 . 6 6 

0 . 0 5 8 0 . 7 5 
D-Xylose 0 . 0 4 8 0 . 6 0 

0 . 0 6 9 0 . 6 6 
L-Arabinose 0 . 2 1 0 . 6 0 

0 . 2 5 0 . 7 8 
D-Ribose 1.85 0 . 5 4 

2 .7 0 . 5 1 
D-Arabinose 5.0 0 . 6 0 

a Parameters based on interpretation by the Widdas 
schema; analysis in terms of half-times of sugar entry 
at two concentrations in the critical range (serial 
chemical analyses); 3 7 - 3 8 ° C ; pH 7 . 4 ; balanced-salt 
medium. 

b Expressed as moles sugar/liter cell water at 
isosmotic volume. Adapted from LeFevre [61 ], through 
courtesy of American Journal of Physiology. Each line 
gives the results from one complete experiment. 

may require that the sugar assume the aldopyranose ring conformation 
designated " CI" [63,64] and (b) that, among molecules in this confor
mation, reaction with the sites is favored by the same configurational 
factors which tend to increase stability in this CI conformation (chiefly 
the equatorial orientation of any substituent groups larger than — H). 
These conclusions are supported by observations on the comparative 
transfer of various methyl-substituted aldoses [8,62,65,66]. 

Some marginal degree of reactivity of the monosaccharide transport 
sites with certain ^//saccharides also has been suggested on the basis of 
apparently competitive inhibitory effects [67-69]. Moreover, Rieser [70] 
reported that the entry of several amino acids is blocked by the mono
saccharides in a pattern that correlates well with the sugars' respective 
affinities for the transport sites, suggesting possible utilization of the 
same carrier by both classes of nutrient. 

Steinbrecht and Hofmann [71] call attention to an apparently unique 
exception to the use of this mechanism by all penetrating monosaccha-
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rides: 2-deoxy-D-ribose appears, by a convincing array of tests, to enter 
rabbit erythrocytes purely by simple diffusion, even though plain D-
ribose in the same cell utilizes the carrier apparatus! 

c. Inhibitors. The sensitivity of the system in human erythrocytes to 
inhibition by a very large number of diverse chemical agents has been 
reported; except for a few newer items, most of these are listed in 
LeFevre's review of structure-activity relationships [60]. Points of 
special possible import from these inhibitor studies are as follows. 

1. The strong suggestion of the involvement of sulfhydryl groups 
[24, 72], especially in the selective quantitative analysis by Van Steven-
inck et al. [73] 

2. The second-order kinetic characteristics of the slowly progressive, 
irreversible inhibition by such agents as l-fluoro-2, 4-dinitrobenzene 
(DNFB) [74] and JV-ethylmaleimide (NEM) [75] and the peculiar en
hancement of the development of this inhibition (rather than competitive 
blocking) by the substrate glucose 

3. The far greater activity of the aglycone phloretin [76], in compari
son with its glucoside, phlorhizin, which is the classic inhibitor of active 
sugar transport in gut and kidney (where phloretin is relatively inactive) 

4. The apparent requirement, for high potency among many phlore-
tin-like molecules tested, that two terminal phenolic groups* be separ
ated by a substantial bulk presenting a hydrophobic surface [78,60] 

5. Possibly, the high estrogenicity of many of the effective diphenolic 
inhibitors [60] 

The Riesers [79] reported that incubation with chymotrypsin modifies 
the human erythrocyte surface so that the sugar transport system then 
becomes subject to some degree of acceleration by insulin (as is that of 
various other tissues to be discussed in Section II,B); this alteration is 
then reversible by treatment with various lipases. These potentially 
significant observations do not seem to have been further pursued. 

Although metabolic inhibitors in general do not disturb this system in 
mammalian erythrocytes, Wood and Morgan [79a] find that, in the 
(nucleated) erythrocytes of geese and other birds, interference with 
oxidative metabolism (by simple anoxia or by application of cyanide, 
DNP, or arsenate) substantially accelerates the transfer in either dir
ection of glucose and of various nonmetabolized sugars. In these bird 
cells the readily saturating monosaccharide transport system is evidently 
the limiting factor determining the rate of glucose utilization, both 
aerobically and anaerobically. 

* However, Kotyk et al. [77] contend that, for phloretin itself, these two hydroxyls 
(4, 4') are not at all critical. 
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2. TUMOR CELLS 

Cori and his associates [80,81] found the equilibration of mono
saccharides into mouse Ehrlich ascites tumor cells to be extremely rapid, 
to show saturation kinetics and competition phenomena, symmetrical 
entry and exit, and inhibition by phlorhizin but indifference to insulin 
or to lack of oxygen; all these characteristics were reminiscent of the 
erythrocyte system discussed above, except that the apparent dissociation 
constants in the tumor cells were substantially lower and not precisely 
in the same sequence [81]. Nevertheless, because of certain very pro
nounced temperature effects noted in the tumor cell system, interpre
tation on the basis of a carrier operation was dismissed in favor of the 
notion of stereospecific, collapsible pores. The finding of prominent 
inhibition by galactose of glucolysis and fructolysis in Ehrlich ascites and 
Gardner lymphosarcoma cells, in the face of the lack of such interference 
in homogenates of the same cells, led Nirenberg and Hogg [82,83] to 
the conclusion that in the intact cells there was competition for a rate-
limiting process (presumably at the cell membranes) by which the 
sugars gained access to the hexokinase sites. What is generally consid
ered to be definitive evidence of a mobile carrier operation was given by 
Cirillo and Young's demonstration [84] of uphill counterflow of sorbose 
from Ehrlich cells upon addition of glucose to the suspending medium; 
while Kolber and LeFevre [85] emphasized the close parallelism with the 
erythrocyte system by showing (a) rapid glucose-tracer equilibration at 
saturating concentrations, (b) reasonably constant F m a x ' s among a 
series of aldoses of widely differing affinities, (c) inhibition by diethylstil-
bestrol evidently of a competitive nature, and (d) a similar affinity 
sequence among the sugars. 

3. BLOOD-BRAIN AND BLOOD-CEREBROSPINAL FLUID BARRIERS 

August Krogh's thesis that the permeability characteristics of the 
" blood-brain barrier" parallel those of a typical cell membrane, rather 
than those of capillary walls elsewhere in the body, may apparently 
now be extended to include the operation in this structure of a diffusion-
driven but carrier-mediated monosaccharide transfer system comparable 
to those discussed in preceding sections. In fact, the existence of at least 
two such mechanisms in parallel seemed to be indicated by the finding of 
Geiger et al. [86] that perfused cat brains, nourished by either D-glucose 
or D-mannose, shortly lost their ability to take up whichever sugar was 
supplied, but immediately accepted the other sugar for a time when the 
switch was made in the perfusion fluid. This rather rapid degeneration of 
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the specific sugar uptake was prevented when the liver was either in
cluded in the perfusion network or supplied in the form of an extract 
in the perfusion fluid. The hepatic principle appeared also to be available 
in muscle extracts and in the cats' own blood [87] and was later ten
tatively identified with the nucleosides cytidine and uridine [88]. 

In assaying the responsiveness to insulin in the movement of mono
saccharides from blood into various tissues in eviscerated, nephrecto-
mized rats or cats, a number of investigators [89-91] noted substantial 
brain penetration by D-galactose, D-glucose, D-mannose, D-xylosp, and 
L-arabinose, whether or not insulin was administered*; but D-fructose, 
D-arabinose, D-ribose and L-xylose remained apparently totally intravas
cular in this tissue. Thus the permeant sugars appear to be the same ones 
that show the highest affinities in the erythrocyte system, and one may 
suspect that those lower in the series would also display measurable 
affinity in the brain transfer if competition from the natural glucose could 
be circumvented. Crone [92-95] found that in a single passage through 
a dog's cerebral circulation a disproportionate fraction of blood 
glucose was removed, and that this clearly involved a saturating process. 
Seeking kinetic evidences of a carrier-limited step in the passage into 
brain following single massive intravenous injections of sugars in rats 
and mice, LeFevre and Peters [96] reported apparent saturation of 
brain uptake of the metabolizable sugars D-glucose and D-mannose and 
clear competition between the two; but no such phenomena were seen 
with the rapidly penetrating but nonmetabolized sugars D-galactose and 
D-xylose. As yet, these studies have not been extended to establish 
whether this failing is to be assigned to low affinities rather than to 
uptake by way of a simple leak, but the former interpretation is suggested 
by Gilbert's estimation [5] of an apparent xylose-carrier dissociation 
constant of over 300 mM (on the basis of competitive blocking of up
take into guinea pig cerebral slices in vitro by glucose and 2-deoxyglucose). 

Fishman's thorough study [97,98] of the sugar transfer between 
blood and cerebrospinal fluid (CSF) in intact dogs has provided clear 
demonstration for this system of essentially all the kinetic criteria for a 
facilitated diffusion: saturation (with glucose); stereoselectivity; com
petitive inhibition (between glucose and 2-deoxyglucose); symmetrical 
operation in the two directions; and counterflow-induced uphill move
ment (entry of glucose being enhanced by efflux of 2-deoxyglucose, as 
illustrated in Fig. 2). Bradbury and Davson [99] also showed that the 
clearance of glucose or xylose from a ventriculocisternal CSF perfusion 

* Only Sacks and Bakshy [90] claimed any detectable insulin effect in this tissue, noting 
some increase in the D-xylose and L-arabinose spaces. 
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Minutes 

F I G . 2. Countertransport of glucose into dog cerebrospinal fluid (CSF). On two occa
sions, 8 ml of CSF was removed from the same dog, and replaced with an equal volume of 
artificial CSF: sugar-free on the first (control) run (open points), but containing 32 mg of 
2-deoxy-D-glucose on the second run (solid points). Note that the presence of this competing 
substrate resulted in a more rapid entry of glucose from blood, and even to a transient 
accumulation into CSF against a concentration difference. Taken from Fishman [98], with 
permission of The American Physiological Society. 

in the rabbit was lowered by a substantial increase in the sugar level used, 
whereas this was not the case for urea or creatinine; also, addition of 
xylose reduced the rate of removal of glucose. 

Quite recently, the bullfrog chorioid plexus in vitro has been char
acterized in some detail as the seat of a similar transfer system; using the 
electrical "streaming potential" (generated by osmotic water flow in 
response to application of a wide variety of nonelectrolytes) to provide 
estimates of the Staverman reflection coefficients,* Prather and Wright 
[100] found a major deviation for many monosaccharides (towardhigher 
permeation) from the otherwise rather consistent correlation with the 
ether/water partition coefficients. These bidirectional sugar movements 
adhered to Michaelis-Menten kinetics, showing almost precisely the 
same relation of affinity to sugar conformational factors as had been 

* Validity of the electrical method was checked for a number of sugars by direct flux 
measurements with 1 4C-labeled material. 
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established in human erythrocytes,* as well as corresponding patterns of 
competitive interplay; the system is insensitive to anoxia and to the 
alkali cations, but is inhibited by 1, 5-difluoro-2, 4-dinitrobenzene. 

The close bearing of one other report on these findings justifies its 
mention at this point, although it apparently deals with an active 
transport: as mentioned earlier, Csaky and Rigor [4] find that a similar 
system in the dog can accumulate D-glucose and D-galactose into the 
cerebrospinal fluid against a concentration difference, provided the 
concentrations do not exceed about 0.5 mM; this accumulation is de
pressed somewhat by phlorhizin or ouabain and by lowering the external 
[Na + ] and is almost totally nullified by anoxia or by 1 mM 2, 4-dinitro-
phenol (DNP). In contrast to the highly restrictive and selective entry 
from the blood, the passage of saccharides in the other direction, out of 
the CSF (by way of the bulk flow across the arachnoid villi into the 
dural venous sinuses), is evidently as wide open as most capillary walls; 
mono-, di-, and even polysaccharides like inulin pass out rather readily 
[101]. In any case, the facilitated diffusion system for entry into the CSF 
apparently does not provide a significant parallel route for nourishment 
of brain tissue, since it is established that direct injection of glucose 
into the CSF does not readily relieve hypoglycemic distress in either the 
cerebral cortex [102] or the spinal cord [103] under conditions where 
intravenous injection is immediately helpful. 

Direct permeation of sugars into isolated neural tissue has apparently 
been little studied; in addition to the brain slice work already mentioned 
[5,6], an examination of the penetration of a wide variety of substances 
into squid giant axons in vitro [104] showed the entry of glucose to be 
quite atypically rapid in the context of an otherwise consistent cor
relation of permeance with lipophilic character. 

4. PLACENTA 

The blood glucose level in pregnant mammals always exceeds to some 
degree the fetal blood level, older reports to the contrary deriving from 
use of analytic methods failing adequately to distinguish glucose from 
fructose, which is the predominant fetal blood sugar in many ungulates 
and in whales. In sheep, Huggett et al. [105] established that loading of 
either the maternal or the fetal circulation with glucose (which readily 
passed the placenta in either direction) resulted in increased fetal fructose 
levels, but no fructose appeared in the maternal blood; but, if fructose 

* In contrast to the situation in erythrocytes, however, the apparent Vmax's here increased 
substantially as the KmS increased. 
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was injected into the ewe, there was only a rather slow increase in its 
level in the fetal circulation. Since fructose is similarly generated into an 
umbilical perfusion, but gradually disappears from a detached fetus, the 
placenta appears to be the site of the conversion; however, the studies 
of Alexander et a l [106] with 14C-labeled sugars indicate that the fruc
tose is produced from the umbilical glucose rather than directly from 
the maternal supply. The conversion rate does not vary appreciably with 
the glucose concentration on either side of the barrier [107]. Davies [108] 
found that a similar picture of ready glucose transfer, but nonpermeation 
of fructose, prevails in species not naturally forming appreciable fructose 
(rats and rabbits); and Chinard et a l [109] extended this to rhesus 
monkeys and to humans (tested during Caesarean delivery), except that 
here fructose was found to pass rather freely from the maternal to the 
fetal circulation. Walker [110] reported no movement of fructose as such 
in either direction in goats, but Nixon [111] insists that even in sheep the 
back flow from fetus to mother is detectable. 

A systematic saturation in the ready transfer of glucose from mother 
to fetus in sheep was described by Widdas [112]. In fact, it was these 
findings that originally led him to formulate the carrier schema which 
was then to be developed principally for the human erythrocyte system. 
Further similarities to the latter mechanism were brought out in Davies' 
"differential permeability" studies on the rabbit placenta [113]: a 
variety of aldohexoses and aldopentoses passed readily, while ketoses 
were somewhat slower, and the common disaccharides virtually ex
cluded altogether; this pattern apparently obtains also in the goat [110] 
and guinea pig [114]. Colbert et a l [115] observed a 65 % reduction in the 
sorbose transfer to the fetus through the rabbit placenta when the 
maternal glucose level was raised to about 0.1 Μ and presumed that this 
indicates a competition for transport. 

5. LIVER AND OTHER TISSUES 

Liver cells allow exceptionally rapid intake and output of sugars and 
other moderately large molecules [90,116,117], and as recently as late 
1968 an authoritative new text [118] states "An important basic fact is 
that in the liver there is no permeability barrier for glucose." Williams 
et a l [119], however, have recently found that D-glucose uptake into per
fused rat liver cells is nearly two orders of magnitude faster than that of 
L-glucose and it inhibits the latter process. The movement of D-glucose is 
inhibited by phlorhizin, but is insensitive to insulin. Though sugar turn
over in the liver is closely governed by the circulating insulin level, the 
essential action appears to be not on a transmembrane process, but on 
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the glycogenesis-glycogenolysis balance as a fuction of plasma glucose 
levels [120]. 

Existence of mobile carrier sugar transport in protozoa has been sug
gested by Cirillo's demonstration in Tetrahymena of a glucose-induced 
counterflow of L-arabinose against a concentration difference [121]. 
Helmreich and Eisen [122] have described various interactions among the 
uptakes of several monosaccharides in isolated guinea pig lymph node 
cells, but these experiments do not invite rigorous interpretation. 
Peripheral indications that sugar penetration into synovial fluid in 
mammalian joints also may involve a selective transfer system have been 
noted by Ropes et al [123]. 

B. Insulin-Dependent Systems 

Much of the impetus for investigation of the mechanics of sugar trans
port since about 1950 has followed upon the demonstration by Levine 
et al [124] with a poorly metabolized hexose (D-galactose) that the 
hormone insulin facilitates a transport step at the cell surfaces (especially 
in muscle), and the resultant suggestion that a similar action on glucose 
entry (rather than subsequent intracellular events) might be the basis for 
the well-established significance of insulin in carbohydrate metabolism. 
Many excellent reviews of this question appeared in the 1950s (e.g. [125— 
128]); although it is now probably universally acknowledged that some 
insulin effects are not directly referable to a transport enhancement [129], 
the activation of a monosaccharide facilitated diffusion apparatus cer
tainly plays a primary role in initiating many of the responses to this 
hormone, and other membrane effects may yet account for the rest of the 
picture [130]. The ramifications of this phenomenon in modern en
docrinological thought are discussed elsewhere in this volume by Levine; 
our concern with it here relates only to the help it may offer toward an 
understanding of the sugar transport mechanism. However, there is 
little evidence of any qualitative change in sugar uptake characteristics 
upon insulin activation, and the action may be simplistically considered 
an increase in the rate of the permeation process. 

1. SKELETAL MUSCLE 

Although the " uptake " of glucose by muscles had been studied from 
various points of view prior to 1949, little attempt had been made to 
distinguish membrane traversal from the subsequent metabolic events; 
it was, however, noted that generally almost no free glucose could 
normally be recovered from muscle cells, suggesting that permeation 
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might be rate-limiting for muscular sugar metabolism [131]. The original 
studies implicating this step's significance in insulin action [124,132] 
were expressed in terms of galactose distribution volumes in eviscerated-
nephrectomized dogs and cats, based on observing the plasma levels for 
several hours after intravenous injection of the sugar. Administration of 
a suitable dose of insulin, either concurrently or after initial sugar equili
bration, led to expansion of the volume of distribution from about 45 % 
of the body weight to about 75 % (essentially the total body water), with
out alteration of the distribution of sucrose or other such probes. The 
bulk of the study of skeletal muscle sugar uptake, however, has been 
carried out in vitro, and especially with rat hemidiaphragm preparations; 
the earlier studies dealt simply with the removal of sugar from the 
medium (so that modification of transport secondary to changes in 
utilization was not recognizable), but nearly all recent work involves direct 
chemical or radiochemical analyses on the tissue. Park et al. [113] first 
demonstrated the rise in free glucose within the diaphragm upon addi
tion of insulin, verifying the site of action as at the membrane rather than 
on the hexokinase step as had been suggested. Although under ordinary 
conditions a very large fraction of entering glucose was indeed phos
phorylated almost instantly, the insulin effect on free tissue glucose 
became quite prominent when the temperature was low or the sugar 
levels high. 

Work with a variety of sugars in the eviscerated animals [9,134-
139] indicates that the insulin effect applies to D-glucose, D-galactose, D-
mannose, 2- and 3-deoxy-D-glucose, 2-deoxy-D-galactose, 3-0-methyl-
D-glucose, glucosamine, D-xylose, L-arabinose, and D-lyxose, just percept
ibly to D-ribose, but only dubiously or not at all to D-fructose,* L-
sorbose, L-rhamnose, 6-0-methyl-D-glucose, D-arabinose, gluconic acid 
or sorbitol. The pattern of mutual inhibition (presumably competitive) 
in entering the diaphragm [141] also fits the picture except for galactose's 
apparent independence.t Thus the stereoselectivity again shows a very 
broad range of tolerance in configuration of the sugars, and in fact 
parallels in some detail (though not without exception) the pattern 
defined for the insulin-unresponsive systems. First-order kinetics were 
reported for the uptake of xylose [143] or galactose [144] into cut dia
phragm preparations but, in the more intact and durable frog sartorius, 
Narahara et al. [145] reported saturation kinetics closely adhering to the 

* Some inconsistency in different laboratories regarding the lack of response in fructose 
uptake must be noted [140]. 

f Beloff-Chain et al. [142] noted that galactose uptake was enhanced by the presence of 
insulin only when glucose was also present, and questioned whether galactose transfer might 
be secondary to permeability changes accompanying glycogenesis. 
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mathematical patterns derived from the Widdas model. Insulin at 0.4 
U/ml nearly tripled the rate constants estimated in these diaphragm 
studies at room temperature, but had no apparent effect on entry at 0°C, 
although the basal uptake was not much slower at this temperature. 
Nevertheless, the reaction of the hormone with the tissue must have 
occurred quite rapidly at 0°C, since only a brief exposure was required 
to give rise to a subsequent stimulation of sugar entry at a higher tem
perature [146]. 

Stadie and his associates [147-149] found that with high levels of 
insulin only a few seconds of exposure were required to modify rat dia
phragms so that they subsequently took up sugars at an accelerated rate; 
a quite firm attachment of the hormone to the muscle was demonstrated 
with radioactive insulin, and this was appropriately responsive to various 
endocrinological factors. The physiological significance of this insulin 
attachment has often been questioned, especially in view of the enor
mous hormone concentrations used in Stadie's work; but Wohltmann and 
Narahara [146] find that one of two components in the binding of insulin 
saturates in the concentration range at which the physiological effects 
are found. Although the attachment (even at 0°C) is virtually immediate, 
there is a substantial lag in the appearance of the uptake effect [145,150] 
which is shortened by elevating the temperature. The change in the 
membrane occurring during this lag period does not require the con
current presence of the sugar, so that no latency in the acceleration 
of uptake is seen if the sugar is added after sufficient delay. It has been 
estimated from a consideration of the uptake at the threshold for the 
insulin effect in diaphragms [151] that each insulin molecule is account
able for about 210 8 molecules of additional glucose taken in during a 
1-hour period. 

When electrical stimulation was applied to the leg muscles of evis
cerated dogs, cats, or rats after sugar injection [152,153] or to artificially 
perfused cat legs [154], uptake was stimulated with the same selectivity 
pattern as seen in the insulin response. Moreover, the two types of up
take acceleration were additive at submaximal doses [153,155]. Since 
the effect of muscular activity was transferable to a second (resting) dog 
by way of a cross-circulation hookup [128], it was postulated that the 
contracting muscles give rise to a humoral agent that replaces insulin in 
the activating mechanism. This was borne out by Havivi and Wertheimer's 
demonstration [156] that a variety of types of rat muscular tissue (hemi-
diaphragm, gastrocnemius, heart, uterus, or intestine), when caused to 
contract repeatedly in vitro by either natural or artificial means, re
leased into the medium a nondialyzable, heat-sensitive, unstable 
factor which enhanced the glucose uptake of fresh diaphragm fragments 
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immersed in it (see Fig. 3). This factor was not released from nonmus-
cular tissues similarly stimulated, or when muscular contraction was pre
vented by use of a sucrose medium or by anaerobiosis. However, 
Holloszy and Narahara [157] find that the sugar uptake increment 
accompanying the increase in twitch tension when frog sartorii are 
stimulated in nitrate media persists even when the actual tension devel
opment is prevented by mounting the muscle unstretched. They note 
[155] that the activation appears to involve a large increase in transport 
F m a x with unaltered Km; and that (at least in frog muscle at 19°C) the 
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FIG. 3. Influence of" muscle activity factor " on rat diaphragm sugar uptake. Histogram 
bars represent sugar uptake (as percent of wet weight after 150-minute incubation) ± SD, 
by portions of identical diaphragms in each group. Upper panel: diaphragms incubated for 
1 hour, either at rest or with nerve stimulation at 2/second, then replaced in the same 
medium by fresh diaphragm fragments for uptake study with the indicated monosaccharide 
(D-glucose, D-galactose, D-mannose, D- or L-xylose, or D-arabinose). The numbers of the 
experiments are given in parentheses. Note that the uptake was significantly elevated only 
when the medium came from stimulated muscles, and only for the first four sugars. Lower 
panel: uptake of D-glucose in media from assorted rat tissues similarly treated (diaphragm, 
gastrocnemius, heart, intestine, kidney, lung, spleen, and uterus); 12 experiments in each 
group. Note that activity factor enhancement of the uptake appeared with all varieties of 
muscular tissue, but not with kidney, lung, or spleen. Taken from data of Havivi and 
Wertheimer [156], with permission of The Journal of Physiology. 
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effect persists for many hours after cessation of the exercise. The effect of 
the exercise factor is also immediate in its onset (at least in the muscle 
that is the source of the factor) [153] and does not show the latency 
observed in the insulin response. 

The insulin effect is also sensitive to NaCN or DNP (both of which 
have little effect on basal uptake), and to various sulfhydryl reagents; 
NEM [158] and iodoacetate [159] essentially abolish the action, but /?-
chloromercuribenzoate (PCMB) is not dramatically effective. C u 2 + and 
especially H g 2 + bind rapidly to the surface of hemidiaphragms, leading 
to an early block to glucose uptake that is reversible with cysteine or 
BAL [160], while much longer exposures are required before the (irre
versible) depression of oxygen uptake develops. There is some disagree
ment regarding whether phlorhizin interferes with the basal uptake only 
[161], or the insulin-triggered increment only [162-165]; but, as in the 
erythrocyte system, phloretin is substantially more effective [161], de
laying xylose penetration in diaphragms both at rest and when stimulated 
electrically or by added insulin. 

When Rieser and Rieser [166] sought to abolish selectively the insulin 
reactivity by partial proteolytic digestion of the diaphragm surface, they 
found instead that many of the hydrolases themselves acted like insulin, 
markedly raising the uptake of xylose or 3-O-methylglucose (as well as 
the deposition of glycogen when glucose was supplied). Trypsin and 
chymotrypsin were particularly effective. Since chymotryspin activity has 
been linked to a histidyl-serine interaction, Rieser [167] has emphasized 
the juxtaposition of these two amino acids in the structure of insulin as 
possibly critical to the induction of the characteristic transport response: 
he has also shown insulin-competitive inhibition by tryptophan and 
various tryptophan residues [168]. Weis and Narahara [169], examining 
the insulin and trypsin effects kinetically, established that the increase in 
3-O-methylglucose uptake in frog sartorii leaves the Km essentially 
unchanged at about 4 mM [150], but the Vmax is increased many-fold. 
The maximal trypsin and insulin effects are approximately equivalent 
and nonadditive. In contrast with the situation noted earlier in the 
diaphragm, the proportional response here is augmented by lowering the 
temperature, the Qi0 of the enhanced uptake being substantially lower 
than that of the basal uptake; it was thus concluded that the increase in 
Vmax must be assignable to a readier transfer of each operant unit 
rather than to an increase simply in the number of such operants. 

Crone's studies with perfused cat limbs [170] showed that elevating 
K + levels in the perfusion fluid from 4 mM to 20-30 mM led to an 
approximate doubling of the rate of glucose extraction by the tissues, 
and that adding strophanthin to a level of about 10 μΜ profoundly de-
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pressed glucose extraction. The correlation in these experiments sug
gested that cationic pump activity goes hand in hand with glucose up
take (approximately 3-4 N a + or K + transfers per molecule glucose). In 
contrast, Bihler [171] finds the transport of 3-O-methylglucose in 
hemidiaphragmsto be increased when N a + transport is blocked by rather 
high concentrations of cardiotonic steriods, such as ouabain or acetyl-
strophanthidin, by omission of K + from the medium, or by anoxia or 
inhibitors of oxidative phosphorylation. Under appropriate circum
stances this stimulatory effect of the steriods was additive to that of 
insulin and was blocked by phlorhizin or by a brief exposure to 1 mM 
NEM (treatments which did not alter the basal uptake). Bihler accord
ingly suggests that the aerobic N a + pump serves in a regulatory capacity 
in a negative feedback to the sugar transfer system, tending to activate 
it when metabolism is failing to keep pace with demands. It seems im
possible to reconcile these findings with those of Crone [170]. Clausen 
[172] also reports depression of glucose uptake in diaphragms upon 
substitution of most other cations for Na + , but the response is only 
partial (external N a + not appearing at all essential to uptake in this 
tissue). In L i + media, the glucose entry is in fact appreciably enhanced. 
Kipnis and Parrish [173,174] were unable to detect any influence at all 
of N a + deprivation on the uptake of 2-deoxyglucose or galactose in 
either rat diaphragms or frog sartorii (even when amino acid accumu
lation was distinctly depressed in the same runs). 

2. CARDIAC MUSCLE 

A very similar, but somewhat faster, system is evident in heart muscle 
[175]. Thus in perfused rat hearts, Fisher and Lindsay [176] found that 
galactose (not locally metabolized) rather rapidly attained a larger 
proportional tissue level than did sorbitol or inulin and that this appar
ently intracellular penetration of galactose was enhanced by supplying 
insulin at as little as 20 mU/liter. A striking and immediate effect of 
insulin on the exodus of the nonmetabolized pentose L-arabinose was al
so noted by Park et al. [177]. For glucose itself this transport is evidently 
rate-limiting in the basal state, Morgan et al. [178] finding that, even at 
rather high perfusate glucose levels, none appeared intracellularly under 
aerobic conditions unless insulin was added. Competition in this system 
has been observed between glucose and galactose [176] and between 
glucose, 3-O-methylglucose, and L-arabinose [66,177,179], the pentose 
being decidedly the weakest in the interaction. Counterflow of 3-O-
methylglucose or L-arabinose against a concentration difference was 
seen upon addition of glucose [180]. 
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Saturability of the sugar uptake is apparent in that galactose penetra
tion is proportionately lower with higher concentration in the perfusate 
[176]. In spite of the steady degeneration of these hearts during perfusion, 
quantitative kinetic study has apparently proved more feasible here than 
with most skeletal muscle preparations. Post et al. [181] observed that 
both the Vmax and the Km of glucose uptake were elevated after insulin 
treatment, the change in Vmax being the critical factor insofar as the 
acceleration of uptake is concerned [182]. Fisher, however, reported 
contrariwise [183]: the Vmax for D-xylose and L-arabinose was decreased 
by 50-80 % upon insulinization. Citing the well-known prediction from 
the Widdas model that the most rapid transfer occurs with an inter
mediate Km rather than with either extreme, Fisher attributes the acceler
ation by insulin to the observed substantial increase in the J^m 's (i.e., 
lowering of affinities). However, it is not at all clear how the data allowed 
selection of the chosen parameters from the array of possible combin
ations of values reasonably consonant with the observed accelerations. 
In fact, Henderson [175] points out that the K^s given by Fisher and 
Zachariah [184] contradict the established competitive inhibition pat
tern, seeming to endow both D-xylose and L-arabinose with much higher 
affinity than D-glucose! 

Sugar uptake in the heart, as in skeletal muscle, is responsive to 
contractile activity; Neely et al. [185] arranged to govern the left ven
tricular pressure development in perfused rat hearts by control of per
fusion pressure, or by setting of the aortic and left atrial filling pressures, 
and observed that over a considerable physiological range the glucose 
uptake rises logarithmically (by a factor of as much as seven-fold) with 
increase in the pressure-time integral. Transport of L-arabinose is 
similarly stimulated by ventricular pressure development. Kinetic 
analyses indicate an increase in both Vmax and affinity. Moreover, the 
system is thereby rendered more responsive to a given dose of insulin. 
Because of a concurrent activation of the phosphorylation capacity, the 
transport step remains rate-limiting in the overall disposition of glucose, 
even when maximally accelerated. 

In common with most of the studies with phlorhizin on skeletal 
muscle, but in diametrical contrast to later diaphragm studies by one of 
the same investigators [161], Bihler et al. [186] observed phlorhizin 
inhibition in perfused rabbit hearts of only that fraction of L-arabinose 
uptake that was initiated by the presence of insulin, whereas phloretin 
was effective (at very much lower doses) on both the basal and the 
insulin-dependent uptakes. Binding studies with tritiated phlorhizin and 
phloretin correspondingly showed that the attachment of the glucoside 
was enhanced by insulin treatment, while the much more pronounced 
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binding of the aglycone was not; oddly, phloretin binding was decidedly 
enhanced by addition of the transport substrate L-arabinose (at 30 mM). 
A very brief perfusion of rat hearts with NEM [187] or with plain male-
imide [188], at levels sufficiently low as not to modify subsequent con
tractile performance or basal sugar uptake, suffices to block the insulin 
response (completely so, in the case of L-arabinose). Figure 4 illustrates 
the marked block of the glucose uptake response and the prevention of 
this by /?retreatment of the animals with insulin (presumably by pre
occupation of the maleimide-sensitive sites). 

No added Insulin in Insulin in 
insulin perfusate perfusate, after 

only pretreatment 
in vivo 

FIG. 4. Maleimide blocking of insulin enhancement of glucose uptake and prevention of 
blocking by insulin pretreatment. Histogram bars show the average glucose uptake ± SE, 
by rat hearts perfused at a level of 2.8 mM. Hatching indicates pretreatment of hearts for 
30 seconds with medium containing 1 m M maleimide, followed by a 2-minute washout 
with plain medium. Insulin, when added to the perfusate, was at a level of.3 mg/liter; 
insulin pretreatment was by intravenous injection of 4 U, 10 minutes before excision of 
heart. Taken from data of Park et al. [188], with permission of Little, Brown & Co. 

The comparable effects of insulin, anoxia, and uncouplers of oxidative 
phosphorylation have been stressed by Morgan et al. [178,189]. Anoxia 
doubles or triples the rate of removal of glucose from the perfusate by 
rat hearts; however, even with this marked acceleration, the transport 
step remains rate-limiting in the sugar metabolism, because phosphoryl
ation is similarly accelerated. With comparably effective doses of in-
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sulin, phosphorylation becomes rate-limiting, and free glucose is re
coverable from within the cells. DNP also allows substantial intracellular 
glucose levels to develop, both by augmenting the uptake and by de
pressing phosphorylation. The transport site of action of anoxia is 
further substantiated by its inducing a doubling in the rate of washout 
of the metabolically inert pentose L-arabinose; a further doubling by 
insulin at 0.1 U/ml may then be superimposed. 

Hearts taken from alloxan-diabetic rats show a diminished basal up
take of glucose, so that the effects of insulin become even more dramatic 
[190]. Addition to the perfusate of fatty acids or ketone bodies at phys
iological concentrations does not modify basal sugar uptake, but in
hibits the enhancement by insulin [191] or by ventricular pressure devel
opment [192]; the augmentation brought on by anoxia however is not 
prevented [192]. 

The insulin sensitivity in heart muscle sugar uptake appears at about 
the seventh day of development in the chick embryo (Fig. 5), the pre
viously free permeability giving way to a rate-limiting entry process 
showing saturation kinetics [193,194]. However, Keyl and Dragstedt 
[195,196] suggest that a major factor in the toxicity of cardiac glycosides 
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FIG. 5. The effect of glucose level, age, and insulin on the glucose uptake by chick 
embryo hearts. Hearts, 5-day-old (triangles) or 9-day-old (circles), incubated for 1 hour at 
37.5°C in Krebs-Henseleit medium, pH 7.4, under 95 0 2 : 5 C 0 2 , at the indicated glucose 
levels. Insulin when present (solid points) was at a level of 10 U/liter. Each point represents 
the mean of five experiments. Taken from Guidotti et al. [193], with permission of The 
American Physiological Society. 
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applied topically (or through the yolk sac) to 3-day embryonic hearts in 
situ is their permeation through the intervening membranes, as deter
mined largely by the identity of their sugar moiety (methyl pentoses 
favoring penetration as compared to glucose, rhamnose, or L-arabinose 
residues). A number of the excluded glycosides became effectively toxic 
upon application of insulin or upon attainment (in the 10-day embryo) 
of a sufficiently functional output from the pancreas. 

3. ADIPOSE TISSUE 

Nearly all or the work on sugar transport into adipose cells has been 
carried out in vitro with rat or mouse epididymal fat pad fragments [197] 
or cells separated from them by treatment with collagenase [198]. The 
special prominence gained by these preparations since 1960 is associated 
chiefly with the study of the mechanisms of insulin action rather than 
with the transport mechanism as such, so that the principal discussion of 
the work in this volume is to be found in Levine's chapter. Again in these 
cells it is found that the sugar permeation in the basal state is rate-limiting 
for glucose metabolism [199-202], while insulin treatment can under 
proper circumstances lead to the appearance of intracellular sugar [201]. 
The kinetic basis of the acceleration by insulin is reported to be a sub
stantial increase in affinity, the Km falling by about ten-fold without 
change in Vmax [202,203]. This response is absolutely dependent on the 
presence of Na + , although the basal uptake is somewhat higher when 
N a + is absent [204]. 

The transport acceleration by insulin (nearly always assayed in these 
cells by way of the conversion of 14C-glucose to labeled C 0 2 and lipids) 
is closely mimicked by treatment not only with various other hormones 
(discussed by Levine) but with an astonishing variety of other agents 
whose only obvious common property is perhaps a capacity to disrupt 
to some degree the membrane structure: phospholipase C (EC 3.1.4.3) 
from Clostridium perfringens α toxin [205,206]; phospholipase A 
(EC 3.1.1.4) from Naja naja snake venom [207-209]; many types of 
chelating agents [210]; pronase Ρ from Streptomyces griseus [211]; a 
variety of other proteases, including α-, /?-, and y-chymotrypsin, papain, 
and ficin [212], and Bacillus subtilis protease Type VIII [213]; Co 2 + , 
Ni 2 + , Cd 2 + , arsenite, and /7-hydroxymercuribenzoate [214]; iodoacetate 
and PCMB [215]; 1,4-dithiothreitol and /7-chloromercuribenzene sul
fonic acid [216]; a variety of polyene antibiotics [217]; or simple hyper-
osmolarity [218]. Many of these agents are stimulatory only at low levels, 
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becoming depressant when more concentrated; in general, their effects are 
additive to those of insulin. 

Little has been done with respect to the specificity of this system in fat 
cells. The insulin activation is, however, distinctly seen in respect to the 
uptake of sorbitol [219], which like hexitols in general, scarcely pene
trates most other types of cell. The uptake effects are blocked by phlor
hizin (at about 1 mM) [220] or phloretin (0.2 mM) [219], and (presumably 
on a competitive basis) by 3-O-methylglucose [219] or 6-deoxy-6-
fluoroglucose [221]. Fain [222] claims that there are several pathways for 
glucose and fructose entry that can be distinguished on the basis of their 
susceptibility to insulin activation and their specificities as revealed by 
competitive inhibition by 2-deoxyglucose. 

Human adipose tissue from the omentum has been found similarly 
responsive to insulin in vitro [223], but that from subcutaneous deposits 
is not reproducibly so [224,225]. 

4. OPTICAL TISSUES 

The blood-aqueous barrier in the ciliary body of the eye is another 
complex epithelial structure with characteristic selective permeability 
that would seem to suggest close analogy to the blood-brain barrier and 
chorioid plexus systems discussed in Section II, A, 3, above. However, 
the blood-aqueous barrier is distinctly insulin-responsive. Ross [226] 
found for this structure a good correlation of permeability constant with 
the ether/water partition coefficient for a great many substances; but 
glucose entry was too fast, by a factor of more than 1000, to fit this 
pattern, although sucrose was in line with the other agents [227]. The 
speed with which the aqueous humor glucose level adjusted to a main
tained hyperglycemia in rabbits was approximately halved by alloxan 
treatment, and doubled by administration of insulin [228]. D-Galactose, 
D-xylose, and 3-0-methyl-D-glucose all passed into the cat or rabbit 
aqueous humor at least as readily as D-glucose [229,230]. 

Ross also found that the glucose utilization rate of rabbit lenses, 
incubated in vitro with the sugar at the level found in their aqueous 
humor media, was dramatically raised by addition of insulin, although 
only a small response was seen in lens homogenates [213]. This treat
ment also led to appreciable metabolism of galactose, which remained 
inert in the absence of the hormone. Competition for transport was also 
suggested by the observation that a galactose-incubated lens failed to 
utilize glucose as usual when switched to a glucose medium. 
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III. THE ACTIVE TRANSPORT SYSTEMS 

A. Intestinal Epithelium 

This subject has been exceptionally thoroughly presented by Crane in 
two complementary reviews [232,233]; and in a highly condensed but 
well-documented form by Newey [234]. 

1. KINETICS AND THE REALITY OF THE " PUMP " 

Though some degree of nonspecific passive sugar penetration into the 
body from the gut lumen does appear to occur [235], it is clear that the 
major component in absorption for the more important monosaccharides 
is by way of a specific carrier system that differs from those considered 
thus far, in its capacity for " uphill" transport. An early indication that 
sugar absorption might not be purely by diffusive or convective processes 
was in Nagano's finding in 1902 [236] of great differences in the rates at 
which the common monosaccharides were taken up from tied-off 
intestinal loops in dogs. In quantifying these differences in intact rats, 
Cori [237-239] noted that large force-fed doses were absorbed almost 
linearly with time (in the case of glucose, until the luminal supply was 
altogether depleted), suggesting that the input level did not govern the 
absorption rate. This was challenged by several groups also working 
with rats [240-242] but was confirmed for glucose in dogs [243,244] 
and in man [245]. Verzar [246] showed clearly that the 1-hour uptake of 
glucose or galactose from rat gut segments in situ was almost indepen
dent of the luminal level, whereas with xylose, sorbose, or mannose there 
was a simple proportionality to concentration; fructose was intermediate. 
These older kinetic studies are, however, complicated by the general 
use of rather hypertonic solutions, which tends to obscure the differences 
between the selective and nonselective absorptions [247]. Ingested 
hypertonic sugar solutions are generally diluted before reaching the 
small intestine [248], and, even in tied-off gut segments in situ isotonicity 
or slight hypotonicity is established during the early stages of absorption 
[249]. 

Barany and Sperber [3] used N a 2 S 0 4 or sorbose as osmotic fillers 
in dilute glucose solutions in rabbit gut segments in situ, and found 
terminal luminal glucose concentrations well below the blood levels, 
although water had not moved into the lumen; therefore movement 
against a concentration difference seemed almost unquestionable. 



11. TRANSPORT OF CARBOHYDRATES BY ANIMAL CELLS 413 

Fisher and Parsons established with an isolated rat gut perfusion tech
nique that glucose [250,251] and galactose [252], starting from a homo
geneous distribution on the two sides, moved from the mucosal to the 
serosal chamber, building up an opposing gradient; this absorption 
followed a Michaelis-Menten kinetics, the half-saturation concentration 
falling at about 10 mM for glucose and 35 mM for galactose.* Crane 
reported similarly systematic kinetics in the tissue accumulation of 
sugars during incubation with strips of hamster gut, but the ATm's ap
peared to be much smaller by this technique [255]. 

Uphill movement of glucose by isolated gut segments has been studied 
also in many nonmammalian vertebrates, including painted turtles 
[256,257], toads [258], bullfrogs [259], and a wide variety of fishes 
[260-263]. The system may be lacking, however, in the invertebrate 
world: although it was established in the 1960s (contrary to earlier 
dicta) that the intestinal tracts of many types of echinoderms do exhibit 
a definite absorption of glucose (and other dissolved nutrients) [264-
269], it is apparently only in a chiton (mollusk) that uphill transport has 
been claimed [270]. Direct uptake of glucose from seawater into lower 
marine forms has also been observed, and for one type of coral has been 
characterized by saturation kinetics and phlorhizin sensitivity [271]; but 
the locus of this uptake remains unspecified. 

Hestrin-Lerner and Shapiro [272] noted that the quantity of glucose 
appearing in the serosal solution during absorption by isolated gut 
segments, or in the perfusate or blood with segments perfused in situ, 
was substantially less than that disappearing from the lumen (and could 
even become negative under some conditions). 14C-Tracing revealed 
conversion of a substantial fraction of glucose to a nonfermentable 
material that was perhaps lactate [273,274]. Newey et al. [275] found 
that, while anaerobically the appearance of lactate just accounted for the 
glucose loss in the presence of excised rat gut segments, it failed to do so 
aerobically. Although the difference was just equivalent to the C 0 2 

production rate, 1 4C-tracing showed that only about half the C 0 2 ap
pearing was derived from the added glucose; a portion of the remaining 
sugar deficit appeared to be pyruvate or some other keto acid, but (in 
contrast to the situation in the turtle [257] and the invertebrates [269]) 
there was no appreciable contribution to glycogen formation in the gut 

* Although the maximal rates were about equal for the two sugars, the identity of the 
mechanisms was thrown into question by the finding that glucose was absorbed decidedly 
faster in the upper gut, while galactose was best taken up from the middle sections; this 
distinction seems to hold also in turtles [253]. Moreover, Westenbrink reported that uptake 
of fructose or galactose in rats was specifically favored by dietary conditioning with the same 
sugar [254]. 
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tissue, and the fate of perhaps 10-15% of the glucose remains unex
plained. Similarly, in intact dogs force-fed with glucose, bookkeeping 
by way of blood-flow and blood-level monitoring [276] showed that 
about 77 % of the uptake was accounted for as glucose in the portal vein 
and perhaps only 5 % more by production of lactate in the gut. 

The absorption of fructose entails no direct uphill transfer, but there is 
partial conversion to glucose [277]; at low input concentrations, this 
conversion may become the major component in fructose uptake [278, 
279]. The extent of glucose production varies greatly according to species 
[232], being apparently quite high in man [280]. When fructose-6-14C 
was supplied to guinea pig gut segments in vitro [281], over 40% of the 
label recovered in the glucose was in the C-l position, although none 
similarly appeared here upon absorption of glucose-6-14C. Thus the 
conversion appears to involve fragmentation of the fructose molecule 
(presumably to trioses) apart from the transport step. 

Crane and Mandelstam [282] isolated hamster gut villi from tissue 
macerated by passage through a hypodermic needle, and showed by 
direct chemical analyses that these fragments could decidedly concentrate 
sugars in vitro. Moreover, McDougal et al [283], using galactose to 
minimize the complications from metabolic conversions, showed by a 
fluorometric analysis of microdissected hamster gut sections that within 
1 minute of incubation at 37°C with 5 mM sugar, the epithelial cells 
had already acquired a concentration about three times that of the 
medium (and this continued to rise to much higher levels within the next 
few minutes); the "cores" of the villi lagged considerably behind. 
Kinter and Wilson [284] visualized the same events with 14C-galactose 
autoradiography, bringing out especially heavy concentration of the 
sugar (within 1 minute) at the tips of the villi. Labeled 3-O-methyl-
glucose or α-methylglucoside behaved similarly, but somewhat less 
dramatically. Thawing for only 1 second and refreezing virtually totally 
abolished the accumulations, making a simple binding seem unlikely. 
Huang [285] and Stern and Jensen [286] have also shown accumulation 
of sugars into isolated intestinal epithelial cells of the rabbit and rat, 
respectively. Csaky and Esposito's recent demonstration [287] that the 
accumulation of the nonmetabolizable 3-0-methylglucose into bullfrog 
intestinal tissue in vitro is accompanied by an appropriate degree of 
osmotic swelling (the intracellular [Na + ] and [K + ] falling substantially 
without any change in their total content on a dry weight basis) verifies 
that the accumulated sugar is actually retained as a free solute within the 
cells. 

The ability to concentrate glucose and galactose within intestinal 
slices in vitro is still lacking in the 18-day chick embryo [288], but begins 
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to be evident on the day of hatching, reaching a plateau after about 2 
days. In the late mammalian (rabbit) fetus, however, not only is 
active sugar absorption well developed, but also it operates even 
anaerobically [289], and this continues for some time after birth. Butt 
and Wilson [290] observe that, in common with many amino acid ab
sorptions, absorption of α-methylglucoside shows a marked upsurgence 
in activity a few days before birth (in the guinea pig), then settles down 
to the substantially lower adult level of activity within about two weeks. 

2. COMPETITION AND SPECIFICITY 

Cori [291] suggested competition for a rate-limiting step in the finding 
that the total absorption from mixtures of glucose and galactose was 
about the same as from pure solutions of either sugar separately; and 
Fisher and Parsons [252] established that in vitro glucose predominated 
over galactose in this interplay. On the basis that the observed inhibi
tion of the uptake of one sugar by another in various combinations 
usually matched reasonably well with the figure predicted from the in
dependent Km estimations, Jorgensen et al. [292] concluded that a 
common pathway was shared by all: D-glucose, D-galactose, 3-O-methyl-
D-glucose, 1-deoxy-D-glucose, 6-deoxy-D-glucose, and a-methyl-D-
glucoside; D-mannose and D-xylose did not appear to interact, in ac
cordance with Verzar's finding of first-order uptake of these sugars [246]. 
Keston [293] had challenged the quantitative validity of a number of 
these nominally concordant results; and there are still very cogent 
reasons to question whether glucose and galactose absorption takes 
place entirely by a common pathway, both in vertebrates [294] and in 
invertebrates [270], 

Csaky [295] tested the effect of methyl (ether) substitution at various 
positions in the glucose molecule, and found that absorption in rats was 
greatly reduced when the change was elsewhere than at the C-3 position. 
Most of the more recent study of the detailed structural specificity of the 
process has been done with hamster intestine preparations of several 
sorts, in vitro, and has been oriented more specifically to the question of 
uphill sugar-"pump" activity (e.g., Fig. 6) than to simple rate compari
sons. Wilson and Crane [296] found that D-allose and the 1- or 6-deoxy 
analogs of D-glucose or D-galactose were all appreciably concentrated, 
but not D-mannose, L-galactose, L-sorbose, D-fructose, L-rhamnose, 
L-fucose,* 2-deoxy-D-glucose, D-glucosamine, or any of the pentoses or 

* This sugar (which is 6-deoxy-L-galactose) does appear to form a normal complex with 
appreciable affinity [297], but to be restrained from taking the step by which the complex 
reaches the opposite interface. 
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FIG. 6 . Example of specificity study of active sugar transport by hamster gut everted 
sacs. Tied sacs were incubated 6 0 - 9 0 minutes at 3 7 ° C in Krebs-Henseleit bicarbonate 
saline initially containing D-glucose, D-galactose, or derivative, both inside and outside the 
sac, at the level marked by the broken line. The upper panel shows the persistence of uphill 
transport in the absence of hydroxyl group at C - 3 or C - 6 , but not at C - 2 ; the lower panel 
compares the effects of O-methylation at four points. Rearranged from Wilson and Landau 
[310] , with permission of The American Physiological Society. 

polyols with 3-6 carbons; among the 7-carbon sugars, 7-deoxy-D-glu-
coheptose was very readily concentrated, indeed, while D-glucoheptulose 
was much less so and D-mannoheptulose not at all. On this basis, Wilson 
and Crane proposed a minimal structural requirement for active ab
sorption: the D-glucopyranose ring, bearing an —OH group at C-2 in 
the D-glucose configuration, and linking to a sixth carbon at C-5. 
Though this structural minimum is still widely cited, none of these ex
plicit specifications has proved truly essential: 

1. Following an old lead [298] that in pigeons (which very closely 
parallel rats in their comparative absorption rates) D-xylose is absorbed 
twice as fast as is L-xylose, several investigators have reported that D-
xylose shows many evidences of penetration by way of a carrier system 
shared with glucose [299,300], and more recently a limited capacity for 
uphill transport of this pentose has been detected in the hamster [301, 
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302] and frog [303], though only under " counterflow " conditions in the 
chicken [304]. 

2. D-Mannose is similarly weakly actively transported in frogs [305]. 
3. Even L-glucose* is actively transferred by everted gut sacs taken 

from rats in which the tissue levels of D-glucose have been greatly re
duced by semistarvation [307],f and is accumulated within various 
hamster gut preparations [302], from which its efflux may even be in
duced by a D-glucose counterflow [309]. 

Moreover, D-gulose, which meets the structural minimum, is appar
ently not actively absorbed [301,311]. Crane has properly emphasized 
[233] that any apparent absoluteness in substrate specificity rests largely 
on insensitivity in the methods for testing reaction with low-affinity 
substrates; however, in the case of L-glucose in this system, the estimated 
Km of 65-75 mM [302,309] betokens a rather substantial affinity. Crane 
notes in this connection that the D- and L-glucopyranose molecules, by 
reason of their preferential assumption of opposite chair conformations, 
become precisely congruent except for the interchanging of the sub-
stituents on the two carbons adjacent to the ring oxygen; and that, 
since this might well be the frame of reference for recognition by the 
specific transport sites, it is not entirely surprising that both enantio-
morphs show significant affinity. In any case, Wilson and Landau [310] 
had emphasized that the formal Wilson-Crane structural minimum has 
inadequate predictive value in that some changes at a given position are 
tolerated, while others not radically different sterically may abolish 
reactivity (for instance, α-methylglucoside and 6-deoxy- or 6-deoxy-6-
fluoroglucose are definitely transported, while gold thioglucose and 
6-O-methylglucose are not). 

The possible special significance of hydrogen bond formation in the 
reactions with the recognition site has recently been suggested by 
Barnett et al. [312,313] on the basis of uptake studies with specific 
galactose and glucose derivatives in everted rings of hamster and rat gut. 
Figure 7 illustrates the relative uptake effects of removal of the oxygen 
at C-6 of galactose, and substitution of various halogens at this position. 
Lineweaver-Burk analyses of such data showed considerable reactivity 
with the 6-deoxy-6-fluoro form and its α-methyl derivative, but not with 
the plain 6-deoxy or its 6-C1, 6-Br, or 6-1 derivatives or their α-methyl 

* This sugar was reported by Huang and Rout [306] to be actively transported through 
Fundulus (killifish) gut in the direction opposite to the physiological absorption (while L-
mannose and L-xylose were actively absorbed)! 

t Neale and Wiseman [308] also induced concentrative absorption of D-xylose and 
D-fucose in everted sacs by semistarvation, but these preparations still failed to show uphill 
movement of other pentoses, ketohexoses, or D-mannose or D-glucosamine. 
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F I G . 7. The effect of modifications at C-6 on uptake of D-galactose derivatives by 
hamster intestinal slices. Slices of the everted gut were analyzed after incubation at 37°C for 
10 minutes (while the uptake was still linear) in oxygenated Ringer's solution containing 
the indicated concentrations of D-galactose, # ; L-galactose, • ; or the following D-galactose 
derivatives: 6-deoxy-, • ; 6-deoxy-6-fluoro-, Ο ; 6-deoxy-6-chloro-, A; and 6-deoxy-6-iodo-, 
Δ · Tissue concentrations were calculated on assumption of water content of 80 %. Note 
greater transport selectively of the F-substituted form than of other deoxy analogs, sug
gesting a donation of hydrogen by carrier to sugar at this point. Taken from Barnett et al. 
[312], with permission of The Biochemical Journal. 

analogs; the given by competition experiments, though somewhat 
inconsistent in detail, led to similar conclusions. The picture at the C-l 
and C-3 positions was quite analogous. 1-Deoxygalactose and the 1-
thio analog were completely unreactive, while galactosyl fluoride and 
both a- and β-methyl galactosides were accumulated; the 3-chloro- and 
3-fluoro-substituted 3-deoxyglucoses were exceptionally heavily con
centrated. It was thus concluded that the transport reaction probably 
involves Η bond donation from the membrane sites to the sugar at C-l, 
C-3, and C-6 (and perhaps at other points as well). 

3. INHIBITOR ACTION AND METABOLIC DEPENDENCY 

Auchinlachie et al. [314] brought out significant differences in the 
apparent correlation with metabolism in xylose and glucose absorption 
in isolated rabbit gut segments in that at 40°C glucose uptake was sub-
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stantially faster, while xylose moved more rapidly at 0°C or following 
lethal doses of heat, cyanide, or fluoride. Similarly, Verzar and Laszt 
found glucose uptake, but not sorbose uptake, to be reduced by iodo-
acetate in rat gut segments in situ [315]; and Verzar and Wirz [316] ob
served that, when glucose absorption is decidedly slowed by lowering of 
the temperature to 27°C, it becomes nearly first order, like the tempera-
ture-wsensitive uptake of xylose. In line with this, iodoacetate treatment 
reduces the temperature coefficient for glucose absorption. Inhibition by 
simple anoxia, or by prominent respiratory poisons such as cyanide, 
azide, fluoroacetate, and malonate, is seen selectively for the actively 
absorbed sugars [278], as expected. 

In a long series of reports from Ponz's laboratory (published in Rev. 
Espan. Fisiol. throughout the 1950s (e.g. [317-319]), irreversible in
hibition of glucose absorption in rat gut segments in situ was shown with 
a wide variety of metabolic poisons or membrane-adsorbent agents 
placed in the lumen: Ce 3 + , Cu 2 + , Hg 2 + , or U 0 2

2 + , at rather low levels*; 
arsenite, selenite, or molybdate, at the 10 mM range; and a variety of 
organic enzyme inhibitors. Cyanide, azide, and agents of the DNP type 
were relatively ineffectual short of rapidly lethal doses. Whenever tested, 
galactose uptake was similarly sensitive (or more so), whereas essentially 
no effects were seen on fructose or L-arabinose absorption. Cytochrome 
c, though ineffectual in the lumen, raised glucose absorption by about 
40% when given intravenously at 50 mg/kg body weight [321] and even 
relieved the depression by hypoxia [322]. In painted turtles, Fox [323] 
found uphill glucose transport only modestly depressed by cyanide, 
malonate, or DNP, and not at all by azide or simple anoxia; and in view 
of strong inhibition by iodoacetate, she suggested that in this animal 
there might be a glycolytic basis for metabolic support of the transport. 
An oxygen supply is also not very important for sugar absorption in 
catfish [261], although in other fishes it is apparently essential [263]. 

Special attention has been accorded the inhibition by the glucoside 
phlorhizin.t Nakazawa, working with rabbit gut in 1922 [234], was prob
ably the first to show that this agent markedly slowed glucose absorp
tion without affecting uptake of water, salts, glycine, or fatty acids. This 
selective phlorhizin effect was confirmed by many others in the early 
1930s and was extended to galactose and possibly fructose absorption 
by Wertheimer [325], who noted also that the agent did not disturb 

* H g 2 + or Cd 2 + salts in rat gut sacs produce a far more profound depression of glucose 
transport than of glucose utilization or oxygen consumption [320]. 

t Of all the agents examined by Ponz and Lluch, this was the only one giving decided 
inhibition with no sign of tissue damage, and the only one with which the action was readily 
reversible by simple washing [317]. 
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absorption from the peritoneal cavity, which shows none of the speci
ficity of the intestinal process [326]. Donhoffer [327] established a total 
block of absorption from a 27 % glucose solution in rabbits by injecting 
100 mg of phlorhizin into the lumen. Uptake of the "passive" mono
saccharides in the gut was generally reported to be unaffected.* 

In an extensive study of the interaction of other phenylglucosides with 
hamster and rat gut, Alvarado and Crane [329] concluded that most 
such materials were either actual substrates for the monosaccharide 
absorption system or combined in some way to immobilize the carrier 
at the mucosal surface; the pattern of relative affinities of these gly
cosides was in systematic keeping with the preeminence of phlorhizin. 
The inhibitory action was concluded to be on the Na+-dependent, 
energy-independent process at the brush-border surface (discussed 
below), not on the reactions responsible for accumulation [330]. Phlor
hizin inhibition of accumulation of 1-deoxyglucose or 6-deoxyglucose by 
small strips or rings of everted hamster gut adhered closely to a com
petitive pattern (as presented in Lineweaver-Burk plots), indicating a 
Kt on the order of only 0.6 μΜ). In diametric contrast to the situation in 
the facilitated diffusion systems, phloretin was less than 1 % as effective. 
In the inhibition of transport of 1-deoxyglucose, a-methylglucoside, 
xylose, and arbutin in hamster gut, as analyzed by the Thorn plot, 
Alvarado [331] found phlorhizin to act fully competitively; but this was 
not the case for the aglycone. Phloretin's inhibition was apparently only 
about 50 % by way of a competitive displacement (in keeping with the 
observed nonadditivity in the phlorhizin and phloretin effects). It was 
suggested that differences in spacing between the presumed sugar site 
and phenol site might underlie the differing sensitivities of the several 
tissues to agents of this class. In ileal rings of the chicken, Alvarado and 
Monreal [332] reported that the active accumulation of several common 
phenylglucosides substantially exceeded that in the hamster; probable 
identity with the monosaccharide system was indicated by appropriate 
prowess of the sugars as inhibitors and by induction of glucoside efflux 
by sugar counterflow. In studying such fixation in hamster gut brush-
border preparations by the use of tritiated phlorhizin, Diedrich [333] 
discovered that a major (relatively slowly developing) component in 
the 3H-attachment represented not the original glucoside, but rather 
phloretin that had been split off by the tissue's β-glucosidase; he suggest
ed accordingly that the necessity for the glucoside structure in effecting 

* However, Bogdanove and Barker [328] claimed that, after repeated subcutaneous 
phlorhizination of rats, inhibition was distinctly more prominent with sorbose than with the 
presumably actively transported sugars, while fructose absorption was significantly ac
celerated ! 
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the transport inhibition in kidney and intestine might have to do only 
with the process of gaining access to the critical sites by way of the 
carrier, the actual poisoning being assignable to the aglycone subse
quently released upon hydrolysis. 

4. THE ROLE OF Na + 

Although it had often been noted in connection with the study of 
hormonal influences on sugar absorption that feeding NaCl to adren-
alectomized animals distinctly relieved their deficiency in sugar ab
sorption [334,335], it was not until 1958 that Riklis and Quastel [336] 
first established (in excised guinea pig gut) that a Na + medium is essential 
to active glucose absorption; and Csaky and Thale [258] found that the 
N a + must be supplied in the luminal fluid. Bihler and Crane [337] ob
served transport failure in any of a wide variety of non-Na + media 
(replacement by Κ + , L i + , Mg 2 + , Tris + , guanidine+, choline+, N H 4

+ , or 
mannitol, all failing to support uphill sugar movement).* Except in the 
M g 2 + medium, the block seemed readily reversible. As [Na + ] was in
creased, there was a more or less steady rise in the transport rate, ex
change rate, and terminal accumulation levels of various nonmetaboliz-
ed analogs; the identity of the anions in these mixtures was evidently 
immaterial. The importance of Na + is not confined to the active aspect 
of the sugar uptake: the penetration of 6-deoxyglucose anaerobically 
(which is downhill only, and insensitive to the "uncoupling" agents) 
was found also sensitive to replacement of N a + by K + , falling to a 
level such as is normally seen for nontransported analogs [339]. The 
N a + even proved essential to bring out the atypically high speed of up
take and exchange which is shown by certain nonaccumulated analogs 
(e.g., 1,6-dideoxy-D-glucose); and not even overwhelming doses of 
dinitro-0-cresol (DNC), fluoride, or iodoacetate altered this picture 
anaerobically. Thus the N a + requirement appears to reside in a truly 
energy-independent, substrate-specific uptake step at the brush-border 
surface. 

Bosackova and Crane [340] reported apparent simple saturation 
behavior in the activation of the 6-deoxyglucose uptake apparatus by 
N a + (saturating at just below 0.1 M), if the isotonicity was maintained 
by means of organic cations or nonelectrolytes; but, with K + , L i + , R b + , 
Cs + , or N H 4

+ as the replacement for N a + , decidedly S-shaped curves 

* Downhill glucose absorption is favored by a K + medium [338], but this is evidently 
secondary to an enhanced utilization in the gut wall rather than because of any action on the 
transport itself. 
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relating accumulation to [Na + ] were seen, indicating inhibition by these 
inorganic cations.* In an examination of this aspect of the matter on 
sheets of toad or rat gut mounted between two compartments in a flux 
chamber [342], Csaky called attention to the fact that the onset of 
inhibition of 3-0-methylglucose transfer upon removal of Na + from the 
mucosal side was faster when the substitute ingredient was a somewhat 
penetrant species (Li + or K + ) than when it was less penetrant (Mg 2 + or 
mannitol); this suggested that the critical factor is the lowering of the 
intracellular [Na + ]. Moreover, the generality of the N a + dependency in 
a variety of gut active transport systems led Csaky to postulate the ion's 
interaction at some rather nonspecific site of coupling between energy-
yielding reactions and the transport mechanisms; he noted that the 
downhill transfer of 3-O-methylglucose in response to a very high driving 
gradient was indifferent to the removal of N a + , even though it was still 
phlorhizin-sensitive. Moreover, Csaky and Hara [343] showed that 
ouabain and thevetin, recognized blockers of active cation pumps, 
markedly decreased this sugar's transfer by bullfrog gut (after some 
latency), when added on the serosal side at as little as 10 μΜ, but failed 
to act even at 100 μΜ from the mucosal side.f Thus the reaction in the 
sugar pump at the mucosal surface appeared secondary to blocking of 
the cation transport system on the serosal surface. 

The possible nature of this interaction was suggested by the findings of 
Crane et al [344,345]. As illustrated in Fig. 8, Lineweaver-Burk kinetic 
analyses of the accumulation by hamster gut rings of 6-deoxyglucose 
showed the same K m a x at all N a + levels, while Km varied inversely with 
[Na + ]. Thus the existence of the normal N a + concentration difference 
between the intestinal lumen and the epithelial cell contents could in 
itself provide the necessary asymmetry in carrier affinity responsible for 
the intracellular accumulation of sugars. Support for this postulate was 
given by Crane's demonstration [346] that reversal of the usual Na + 

gradient (by incubation of hamster gut villi anaerobically with DNC, 
followed by transfer to a low-Na+ medium) led to correspondingly 
reversed pump activity: uphill extrusion of 6-deoxyglucose previously 
accumulated. Accordingly, an allosteric interaction between a Na + -
binding site and an adjacent sugar-reacting site on the carrier, such that 
mutual occupancy is encouraged, is clearly suggested. (The failure of 

* However, Bihler and Adamic [341] find that L i + , while not supporting accumulation, 
can replace N a + insofar as the energy-independent, phlorhizin-inhibitable, substrate-
specific activation of the carrier is concerned. 

t Digitoxin, being itself rapidly transported, eventually acts when added to either 
chamber. With a K + medium on the serosal side, enormously higher levels of ouabain were 
required for equivalent action. 
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FIG. 8. The effect of [ N a + ] on kinetic parameters of 6-deoxy-D-glucose accumulation by 
hamster intestinal rings. Uptake rate, V, expressed as micromoles recovered per milliliter 
of tissue water (without correction for extracellular space) after a 10-minute incubation of 
everted gut rings at 37°C. Note that the extrapolated K^s increased progressively as 
[ N a + ] was reduced, from about 4 m M at the usual N a + level of 145 m M to about 100 m M 
in the absence of N a + (replaced by K + ) . Taken from Crane et al. [344], with permission of 
Elsevier Publishing Co. 

Csaky's downhill transfer tests to show any response to [Na + ] is refer
able to the extremely high sugar levels used, such that full complexing 
with 3-O-methylglucose would occur in any medium.) 

Bosackova and Crane [340] noted greater inhibition of sugar uptake 
in K + media than with the organic cation media, and this was paralleled 
in the repression of 2 2 N a influx; thus the operation of the Na +-sugar 
uptake apparatus is evidently assisted by the natural gradients for both 
N a + and K + . Csaky's notion of the special significance of the intracel
lular N a + level was evidently negated by the finding [347] that the com
parative effects of the several substitute media on this factor do not at all 
correlate with their effectiveness as sugar transport inhibitors. The trans
port Km

9s of phlorhizin, arbutin, and xylose in both hamster and chicken 
gut were also found by Alvarado [348] to vary appropriately with [Na + ] 
and [K + ], so that their uphill transfer in the direction of the N a + grad
ient may be similarly interpreted. 

The picture seemed to be somewhat complicated by the findings of 
Newey et al. [349] regarding ouabain inhibition of sugar transfer in rat 
jejunum everted sacs, in that very large systematic differences were ap
parent in the sensitivity of transport of glucose, 3-O-methylglucose, and 
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galactose (also of some amino acids). It was noted that, although differ
ing sites for the several substrates might be presumed, the differences were 
more probably assignable to variation in the specific manner in which 
[Na + ] modifies the affinity of each substrate [302]. This view of the 
matter appears to have been established firmly by Bihler's recent dis
covery [350] that even the " nontransported" sugars show Michaelis-
Menten kinetics in their uptake into hamster gut tissue, with F m a x ' s 
equivalent to those for the transported sugars. The distinction in be
havior thus rests essentially only on whether or not Na+ reduces the Km 

so that one would normally find an affinity asymmetry on the two sides of 
the membrane. As illustrated in Fig. 9, various gradations in this char
acteristic are evident among the transported sugars, so that there is no 
sharp delineation into two clear classes. 
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F I G . 9. Relative hamster gut transport affinities of several sugars and their dependence 
on [ N a + ] . Affinities are expressed as negative logio of apparent KmS (M). Sugars, from 
left to right, are D-glucose, D-galactose, 6-deoxy-D-glucose, a-methyl-D-glucoside, 3-0-
methyl-D-glucose, D-xylose, L-glucose, L-fucose, L-arabinose, D-arabinose, and L-mannose. 
Note that the increase in affinity with [ N a + ] diminishes (in approximately this order) from 
several orders of magnitude to nil. Data collected from several published reports. Taken 
from Bihler [350], with permission of Elsevier Publishing Co. 

5. THE ELECTRICAL CORRELATES 

Schultz and Zalusky's correlation of the "short circuit current" in 
rabbit ileum sheets [351,352] with active N a + transport accompanying 
absorption of sugars (and amino acids) supports the view of the mechan-
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isms developed above. A substantial rise in this current (the current that 
must be passed from the mucosal to the serosal side to just nullify the 
spontaneous serosal positivity) is evident within 1 minute of adding 
glucose (11 mM) to the mucosal chamber. A similar response is seen upon 
addition of any actively transported sugar, whether metabolized or 
not, but not with nontransported metabolizable materials like fructose 
or mannose. The magnitude of the current increase depends on the sugar 
concentration in a pattern suggesting Michaelis-Menten kinetics, the 
K^s closely approximating those for the sugar transport reaction. More
over, the electrical responses are not seen when phlorhizin is applied at 
doses that abolish transport without disturbing metabolism or when the 
sugars are added on the serosal side (even though entry into metabolism 
may still occur). However, here as usual the attractive simplistic picture 
is not quite adequate: it appears from the studies of Barry et al. [353, 
354] in the rat that the short circuit current increase does not in fact al
ways equate with the full net sodium flux; e. g., a greater N a + uptake 
accompanies glucose absorption than galactose absorption in spite of the 
identity in the electrical responses. It was concluded that the metabolized 
sugars (even if not transported) may drive a wo/zelectrogenic salt transfer; 
Taylor et al. [255] (confirming for both species the separate findings of 
the foregoing groups) preferred to attribute the difference in N a + trans
fer accompanying glucose and galactose absorption to the coupling of 
galactose uptake specifically to a nonelectrogenic salt movement in the 
opposite direction. The necessity for this complication has been seriously 
challenged recently by Barry et al. [356], who find that the whole picture 
of N a + and fluid (volume) transfer and the transmural potential changes 
(without any shifts in the passive resistance), as seen with glucose, can be 
mimicked by supplying galactose to the mucosa (for active transport) 
plus mannose to the serosa (for metabolism). 

Lyon and Crane [357, 358] examined this system principally by ref
erence simply to the transmural PD (in rat gut everted sacs), finding that 
active sugar transport evoked a substantial rise in positivity of the serosal 
side within a few seconds, while sugar metabolism tended to reduce it. 
The former component was more prominent at low sugar concentrations, 
so that up to about 25 mM, glucose markedly raised the PD while fructose 
lowered it (Fig. 10). Beyond this point up to sugar levels of about 100 mM, 
the diminishing PD's showed a constant difference, and the magnitude 
of this APD varied directly with the [Na + ] up to about 50 mM. With 
double-reciprocal plotting of the net PD versus sugar concentration at 
various [Na + ], surprisingly systematic families of straight lines were found 
when Tris + was used for the N a + replacement, defining an apparently 
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Sugar concentration [xx\M) 

FIG. 10. Glucose- and fructose-induced transjejunal PD changes, and their ready 
reversibility. Paired sacs of rat jejunum were incubated at 37°C in Krebs-Henseleit bicar
bonate medium with progressively increasing concentrations of glucose or fructose, then 
returned through two 3-second rinses in plain medium into a similar series of concentrations 
of the other sugar. PD's (serosal positivity upward) are shown in each successive solution 
(10-20 seconds required for stabilization in each). The dashed curves show net glucose 
APD given by subtracting the lower reading (in fructose) from the upper reading (in glucose) 
at each level (thus presumably discounting nonspecific osmotic effects). Each point repre
sents a mean of six experiments; av. SD, 20-21 %. Taken from Lyon and Crane [357], with 
permission of Elsevier Publishing Co. 

constant Vmax for the sugar-dependent transport (as reflected in the net 
PD), but with markedly increasing apparent sugar affinities as the Na + 

level was increased. Similarly analyzed with reference to the [Na + ] at 
various sugar levels, the data showed comparable linearity only when both 
factors were present at fairly high concentrations. Interpreted in terms of 
a ternary sugar-carrier-Na+ complex, the maximal availability of Na + 

appeared to lower the Km for glucose from about 50 mM (or for 6-
deoxyglucose, about 1 M) to about 1.5 mM, while the sugars maximally 
reduced the Km for N a + from about 200 mM to somewhat less than 
3 mM. When, however, [Na + ] was varied by replacement with K + , non
linear curves were obtained, and no mutual interaction between K + -
and sugar-complexing could be inferred; the action of K + on the Na + 

interaction appeared to be partly competitive, partly otherwise. Barry 
[359] provides a neatly condensed summary of the relation of these 
electrical parameters to intestinal transport. 
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6. PASSIVE COMPONENTS IN TOTAL ABSORPTION 

Though some of the studies concerned with active sugar absorption 
have suggested that this mechanism provides the only means of access 
for the transported monosaccharides into the epithelial tissue, other 
observations indicate that some degree of passive absorption may occur 
by the same pathways open to the nontransported analogs. Levitt et al. 
[235] have recently sought to analyze the diffusive, convective, and active 
components of xylose and arabinose movement across the intestine in 
intact dogs, by control of blood levels through infusions and restriction 
of volume transfers by use of sulfate media intraluminally. The con
vective component appeared properly linear with volume transfer, 
showing equivalent slope of the relation for both pentoses; but with 
xylose a finite intercept indicated a definite active component that was 
(appropriately) missing with arabinose. This solvent drag mechanism 
could even be shown to produce " uphilP'-like transfer against a bulk 
concentration ratio as high as 3:1! However, no reverse transfer of 
either sugar by convective flow was apparent during mannitol-induced 
" secretion" into the lumen, so that the passageways involved must not 
be fixed stuctures. In contrast, the diffusive component, responsive to the 
concentration difference when no volume flow was allowed, was of the 
same order in both directions (and was slightly larger for xylose than for 
arabinose). Glucose's active component was about five times that for 
xylose, so large as to obscure convection altogether. Raising the luminal 
glucose level appropriately depressed xylose's active component only, 
but pentoses even at 2.7 % did not systematically affect the glucose active 
component coefficient. 

B. Renal Tubular Epithelium 

In the kidney the analysis of the transport mechanism has been some
what less thorough and quantitative than in the intestine, largely because 
of the much greater difficulty in achieving satisfactory performance in 
vitro. The frog double perfusion technique allowed Clark [2] to establish 
that glomerular filtration carries glucose freely into the tubules even at 
" subthreshold " levels, and that reabsorption is capable of reclaiming 
this glucose into the blood even to the point that the peritubular sugar 
level becomes ten times that in the general circulation. This picture was 
confirmed by direct tubular fluid analyses in the early micropuncture 
studies by Walker and his associates in amphibia [360,361 ] and mammals 
[362], which further showed that virtually total glucose reabsorption 
takes place in the proximal convolutions [361-363]; perfusion of the 
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distal tubule showed that this structure has no similar capacity for sugar 
reabsorption. With elevated blood sugar levels, the absorption became 
detectably subtotal, but appropriate manipulations showed [357] that 
this is attributable to the natural limitation in time of contact rather 
than to a back leak with which the active transport simply cannot keep 
pace. In fact, the permeation from blood into tubule is evidently es
sentially nil: no glucose back flux was detectable by 14C-labeling in dogs 
[364,365], and it has been claimed that aglomerular fish do not secrete 
glucose [366]. However, Malvin et al. [367] found that quite appreciable 
glucose excretion in the urine may be induced in these fish by overloading 
the blood or by administration of phlorhizin, so that it is evident that a 
small tubular leak is normally obscured by the retention of some capac
ity for reabsorption even though the filtration apparatus has been lost. 
Recently Loeschke and his associates have shown by microperfusion of 
proximal tubules in the rat [368,369] under conditions of minimal volume 
transfer that the characteristics of 14C-glucose movement betoken a 
bidirectional passive component (phlorhizin-independent, and dictated 
by the gradient only) that is ordinarily perhaps of trivial significance, but 
that becomes appreciable at very high glucose levels or in dealing with 
nontransported analogs. They estimate that this leak would just keep 
pace with the active transport's capacity when the glucose concentration 
difference amounted to 33 mM; or, at a more realistic blood level of 
6 mM, it would just offset the active transport (with a Km of 0.6 mM) 
when the luminal glucose level had fallen to 0.1 mM.* 

On the basis of the kinetic behavior of the process observed in dogs, 
Shannon and Fisher [370] postulated a carrier reaction sequence of the 
Michaelis-Menten type, and Burgen [371] shows a good fit with this 
presumption if account is taken of a linear fluid volume reabsorption in 
the proximal tubules. Chinard et al. [364,365] developed a method 
whereby the disposition of an arterial sugar pulse could be traced by 
analysis of rapidly taken serial samples of renal venous blood and 
ureteral fluid, finding the transit time for glucose in the filtration-re-
absorption process to be about 10 seconds. From this, on the basis 
of reasonable estimates of the other physical parameters involved, 
it was concluded that the "carrier" entity is probably well under 
10,000 in molecular weight. This work also established that there was 
no randomization of label between glucose-l-1 4C and glucose-6-14C 
during the reabsorption. 

Accumulation by kidney cortical slices in vitro was demonstrated with 

* The actual transport's concentrative powers in nature appear to exceed this, probably 
because these experiments involved deliberate restriction of net volume flow. 
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galactose (Fig. 11) by Krane and Crane [372], and to a lesser degree 
with glucose by Kleinzeller et al. [373], who found a Km of about 2 mM 
for both sugars. Although this uptake was clearly Na+-dependent, a 
large component of the efflux was not. Carrier uptake was also suggested 
in AgoPs finding [374] that, in cultured rhesus renal cortex cells, satur
ation of glycolysis both aerobically and anaerobically required much 
higher glucose levels than were necessary in homogenates, and that the 
process showed competitive inhibition by galactose only in the intact cells, 
as if transport were rate-limiting. 

Incubation (minutes) 

FIG. 11. The time course of accumulation of D-galactose by rabbit renal cortical slices. 
Intracellular levels (calculated by 1 4C-galactose counting, corrected for rafRnose space) 
expressed as millimoles per liter of intracellular water. The horizontal broken line marks the 
value expected from diffusion equilibrium if all the slice water is available to sugar. 4,6-
Dinitro-0 -cresol was applied to the tissue about 10 minutes before addition of the sugar. 
T— 25°C. Taken from Krane and Crane [372], with permission of The Journal of Biological 
Chemistry. 

Ready accumulation of α-methylglucoside and fructose* into rabbit 
renal cortical slices by a Na+-dependent process was observed by 
Kleinzeller et al. [375]; D-xylose, 6-deoxy-D-glucose, and D-fucose were 
slightly concentrated also, but not D- or L-arabinose. Marked contrast 
with the intestinal system was however apparent in: (1) the failure of 
3-0-methyl-D-glucose to accumulate, (2) the very poor reaction with 
the 6-deoxy sugars, (3) the very decided accumulation of both 2-deoxy-
D-glucose and 2-deoxy-D-galactose, and (4) the apparent alteration by 
N a + of F m a x rather than Km (already noted in perfused frog kidneys by 

* The fructose behavior here, as in gut, is complicated by conversion to glucose. 
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Vogel et al. [376]). Moreover, the uptake of the 2-deoxy sugars was not 
particularly phlorhizin-sensitive and was completely indifferent to the 
presence of N a + or ouabain.* Mutual inhibition was nevertheless ob
served in the uptakes of galactose and 2-deoxy-galactose, regardless of 
whether N a + was present. 

Insofar as these uphill transfers may depend on the normal asym
metry in N a + distribution across the epithelial surface, the question of 
their energetic basis would seem (as in the intestine) to deal essentially 
with the powering of the N a + pump. It has, however, been noted that 
active renal sugar reabsorption is remarkably indifferent to metabolic 
poisons. Although either DNP [373] or DNC at about 50 μΜ [372] will 
block sugar accumulation in the kidney slice or tubule preparations (Fig. 
11), Mudge and Taggart [378] found that DNP did not prevent glucose 
absorption in intact dogs at doses that devastated other types of renal 
tubular transport; and Nicholson [379] found a similarly unique re
sistance to cyanide block. Some lowering of the maximal glucose trans
port capacity was seen with a number of succinoxidase-blocking agents 
[380], but this effect was puny in relation to that found for some tubular 
excretory processes. Even mercury and organic mercurials are generally 
reported as relatively inactive on this particular reabsorptive system 
[381-383]. However, in line with the significance of the N a + pump in 
these processes, cardiotonic steriods did depress glucose reabsorption 
considerably in both frogs [384] and dogs [385], and ouabain at 30 μΜ 
prevented galactose accumulation by kidney slices in vitro [373]. 

The classic inhibitor of this process is of course the glucoside phlor
hizin. Poulsson showed in 1930 [386] that a dose of 250 mg/kg body 
weight in dogs raised the sugar clearance to the creatinine level, indica
ting total suppression of glucose reabsorption, so that the total loss in 
the urine did not vary appreciably with wide fluctuations in volume 
output. Almost full equivalence of monosaccharide and inulin clearance 
has similarly been observed upon phlorhizination of various other 
vertebrates, from dogfish [387] to man [388]. With the use of this agent 
in the early micropuncture studies in amphibia [361 ], Walker and Hudson 
showed that the reducing power of the proximal tubular contents then 
increased in passing away from the glomerular end (by reason of the 
continuing absorption of other components and the isosmotic entrain-
ment of water). Phlorhizin appears to block not only the active process, 
but any entry of sugar into the cortical tissue [389], and to act specifically 

* However, the diuretic, ethacrynic acid (and its ethylidene analog with a much lower 
affinity for — SH groups), inhibited this Na +-independent uptake as well as the N a + -
dependent transport [377]. 
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from the luminal side [390]. On the presumption that all of the phlor
hizin recovered from kidney extracts of treated dogs was bound on a 
1-1 basis with sugar carrier, Diedrich [391]* found a maximum of 7 
/imoles of sites per kilogram of fresh kidney, which corresponds to a 
turnover rate of at least 1400/minute when maximal reabsorption is 
taking place. 

Tubular handling of sugars other than glucose is also complicated 
in vivo by the natural presence of glucose at somewhat variable levels. 
Moreover, significant species differences are apparent. However, it is 
clear that at least galactose and fructose may also be reabsorbed uphill 
in man if plasma concentrations are sufficiently low [392]; apparent 
tubular maxima for these sugars are about one-tenth that for glucose, 
and in some species the latter sugar competitively inhibits fructose re-
absorption. However, the failure of fructose reabsorption in other 
species to respond to phlorhizin and to glucose loading suggests that 
fructose may move at least in part by pathways other than the glucose-
galactose system [393]. There is reason to suspect that the modest down
hill reabsorption of xylose [394] and even sucrose (disaccharide) [388,395] 
and raffinose (trisaccharide) [395] may occur by way of a small affinity 
for the active system's transport sites, since glucose loading and phlor
hizin tend to reduce these reabsorptions also [387,388,396-399]. 

Secretion of L-glucose and L-galactose into the renal tubules in the 
dog was reported by Woosley and Huang [400, 401] on the basis of both 
clearance studies and Chinard's close-arterial-injection technique; the 
blocking of this secretion by phlorhizin and its enhancement by con
current D-glucose reabsorption suggested that the L-isomers ride out by 
attaching to the returning D-glucose-reabsorptive carrier (reflecting a 
change in the carrier's affinities upon crossing the barrier, such as must 
appear in any truly active transport system). This interpretation is per
haps weakened by the finding in stop-flow tests of two decided L-glucose 
peaks, both abolished by phlorhizination, corresponding to secretion in 
both proximal and distal tubules, since D-glucose is absorbed only in the 
proximal tubules; also, the rise in the calculated tubular contribution 
to L-glucose excretion upon loading with D-glucose appeared to involve 
primarily a fall in the plasma levels rather than a substantially increased 
urinary output. However, the secretory process was further characterized 
in Baumann and Huang's tubular micropuncture and microperfusion 
studies in rats [402]: L-glucose secretion and D-glucose reabsorption 

* Diedrich notes that the generally accepted competitive nature of phlorhizin inhibition 
of renal sugar absorption has in fact never been directly demonstrated, but rests on analogy 
with the intestinal system, for which the kinetics are well established. 
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were found to have equivalent maximal capacities, and addition of 
D-glucose appeared to lower the secretory transport Km without change 
in F m a x ; moreover, the phlorhizin-insensitive back leak of L-glucose was 
equivalent to that previously found for D-glucose [368].* 

Hexitols are in general considered to move purely by passive means in 
animal systems; but the cyclic m-inositol is evidently specifically re
absorbed in mammalian kidneys by the glucose system. In both man 
[403] and rat [404], inositol loss in the urine is enhanced by phlorhizin 
or during glucosuria, and in dogs its reabsorption is virtually total under 
physiological conditions [405]; Na+-dependent accumulation of this 
hexitol to high levels in rat kidney cortex slices in vitro has also been 
reported [406]. 

C. Proposed Enzymatic Involvement 

1. THE PHOSPHORYLATION-DEPHOSPHORYLATION THEORY 

The suggestion was made in 1933 by Wilbrandt and Laszt [407] that 
the established capacity of the intestinal epithelium to phosphorylate 
glucose might be the basis for the selective absorption among the mono
saccharides. They noted enhancement selectively of the active absorp
tion by phosphate addition, and specific depression by iodoacetate, a 
prominent inhibitor of phosphorylation. In the same year, Lundsgaard 
[408] extended this hypothesis to renal sugar reabsorption, emphasizing 
the potency of phlorhizin as an inhibitor of phosphorylation and de
phosphorylation in various tissues, and noting that only in the kidney 
did suitably high concentrations of this drug appear after injection of a 
glycosuric dose into rabbits. Many observations inconsistent with these 
notions were soon reported. Lambrechts [409] in particular emphasized 
the serious lack of correlation (among substrates) between susceptibility 
to phosphorylation and to phlorhizin inhibition of reabsorption and 
(among other glycosides) between phosphatase inhibitory potency and 
glycosuric effects. During the next 20 years, a great deal of information 
was accumulated regarding the partition of phosphates in gut mucosa 
during sugar absorption, which (in spite of some dissonance) generally 
seemed to support the feasibility of sufficiently rapid turnover in the 
organic pools and appropriate modification by various experimental 
maneuvers (e. g., Kjerulf-Jensen and Lundsgaard [410]). Much attention 
was also directed to biochemical and histochemical localization of ap
propriate enzymatic activity in the absorptive cells (e.g., [411]). 

* However, there was a considerable back leak in the collecting ducts, so that in fact 
Baumann and Huang found that only slightly over half of their bladder urine samples 
showed a concentration factor for L-glucose exceeding that for inulin! 
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Campbell and Davson [412] took their demonstration of uphill ab
sorption of 3-O-methylglucose in cat gut as strong evidence against the 
phosphorylation hypothesis, this analog being nonglycogenic. Crane 
and Krane [413] similarly showed active transport by hamster gut of 
both 1-deoxy and 6-deoxyglucose (not subject to phosphorylation); and 
Sols [414] brought out the glaring lack of parallel between the specificity 
of intestinal mucosal hexokinase and that of the absorption process. 
Perhaps the last report specifically directed toward further refutation of 
this theory was that of Landau and Wilson in 1959 [415] showing that 
essentially no label from glucose-6-14C turned up in the first three carbons 
upon absorption of the sugar in hamster gut and that only about 9 % of 
the glucose undergoing absorption appears to pass through the common 
glucose-6-phosphate pool by which tracer from galactose might be intro
duced. 

2. THE MUTAROTASE THEORY 

In 1954 Keston pointed out [416] the remarkably high activity of 
renal mutarotase, its high sensitivity to phlorhizin inhibition, and the 
rather close parallel between its specificity and that of sugar transport 
systems generally. He proposed that this enzyme may govern transport 
activity by maintaining at proper loci an appreciable concentration of an 
intermediate form of sugar (of low abundance in an equilibrium mixture) 
that differs from the more usual forms in its ready passive permeation 
through membranes. Bailey et al [417] estimate the kidney cortical 
activity in rats to be an order of magnitude higher than the maximal 
reabsorption rate and find an appropriately high activity also in the in
testine; but an even higher level in liver seems misplaced in terms of the 
postulated transport function. Objections have also been raised on the 
grounds of certain inappropriate transport specificities [310,413,418]; 
but Keston [419] counters this sort of objection by noting that 1-
deoxyglucose does competitively inhibit the catalyzed mutarotation of 
glucose (showing in fact a Kt equivalent to the glucose Km), and thus 
must presumably combine with the enzyme at the critical site, even 
though itself not subject to mutarotation. Similar interaction by a-
methylglucoside and β-methylglucoside, and lack thereof with the 
several inherently mutarotatable but not actively transported sugars, 
further support this picture [420].* Bailey and Pentchev [422] also found 

* The only notable deviant in this pattern is L-arabinose, which, though not actively 
transported [421], is the most active competitive inhibitor of the catalyzed mutarotation of 
glucose yet tested [422]. 
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that phloretin and stilbestrol are more potent than phlorhizin in block
ing mutarotation catalysis (which would tend to relate the enzyme with 
the facilitated diffusion systems rather than the active transports). 
The mutarotase activity is not associated with membrane fractions in 
homogenates, but with the soluble components [417]; this is not generally 
taken as a decisively negative finding. Crane [233] feels that the more 
serious problem with the mutarotase theory is that the best quantitative 
data on the hamster gut do not show a really satisfactory equivalence 
between the mutarotase K^s and the transport Km's. 

3. DISACCHARIDASES 

Miller and Crane's studies [423] with hamster gut strips exposed to 
sucrose, maltose, or glucose-1-phosphate showed free monosaccharide 
accumulation in the tissue to be governed not by the production of these 
monosaccharides in the medium through hydrolysis, but apparently by 
the supply of the hydrolase substrates directly. Moreover, glucose 
appearance in the tissue upon exposure to sucrose (in contrast to direct 
glucose accumulation) is not subject to inhibition by DNC, phlorhizin, 
or anoxia [424-426]*; and fructose may even build up to levels exceeding 
the supply in the medium (which does not occur with direct fructose 
presentation). Thus hydrolysis, though external to the site of phlorhizin 
action and the active transport step, must nonetheless be intracellular 
rather than superficial; separated brush border particles retained this 
maltase and invertase activity virtually quantitatively. Crane has con
sequently developed the concept [428,429] of a digestive-absorptive 
surface in the brush border, such that a " kinetic advantage " is bestowed 
upon monosaccharides delivered to the carrier by way of hydrolase 
action rather than by penetration as such from the lumen.f Semenza 
et al. [431] observed that human gut sucrase particles were activated by 
N a + and inhibited by other monovalent cations, apparently at the same 
site and without any change in Km. 

On the basis largely of the distinct histochemical localization of the 
disaccharidase trehalase in the basal portion of the cells of the proximal 
tubule convolutions in the renal cortex in rabbits, mice, and a human 

* This freedom from such inhibition was not confirmed by Rutloff et al. [427] with respect 
to the high rate of glucose appearance in rat gut wall upon incubation with maltose, 
maltotriose, or maltotetrose. 

t This picture is in keeping with the characteristics of various specific malabsorptions 
found in human patients: the lesion appears sometimes to be in the Na +-dependent mono
saccharide transport system (e.g., [430]), sometimes in the specific disaccharidases, and the 
spectrum of sugars evoking the digestive upset varies accordingly. 
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patient, Grossman and Sacktor [432] have recently made a special case 
for the possible significance of this enzyme in glucose reabsorption. The 
trehalase is membrane-bound [433], and its concentration in both 
mammalian kidney and intestine (though not appreciable elsewhere) 
is sufficient, in concert with several other demonstrated enzymes, to 
account for observed absorption rates if they are occurring by way of 
condensation of two glucose molecules to form trehalose followed by 
rehydrolysis on the other side of a barrier. The proposed sequence in
volves breakdown of ATP and UTP to form ADP and UDP, so that it is 
thermodynamically feasible that it provide the basis of an active transport. 
The suggestion first developed from the finding of unusually high 
trehalase activity in insect intestines (trehalose is the major blood sugar in 
insects). 

D. Interaction with Amino Acid Transport 

Cori [434] in 1926 first brought up the likelihood of interaction of 
sugars and amino acids during their intestinal absorption, showing 
mutual inhibitory effects suggesting sharing of a common carrier site. 
However, although a variety of such apparently competitive inhibitions 
have been seen in more recent years [435-443], Fridhandler and Quastel's 
report [444] that glucose at 1 % accelerates alanine absorption by guinea-
pig gut has also had many further counterparts [436,438,443]. In fact, 
Bingham et al [438] were able with glucose to offset the inhibitory effects 
of other sugars on methionine or proline uptake in everted rat gut 
sacs (Fig. 12), and claimed that the character of a given sugar's influence 
in their experiments paralleled its effect on the tissue's level of ATP as 
given by Saunders and Isselbacher [437] (although the latter's own trans
port data had not lined up in this way). Chez et al. [440] noted that in 
rabbit ileum sheets, in spite of the distinct reduction by galactose or 
glucose of alanine accumulation and transmucosal delivery, there was no 
reduction of its unidirectional influx to the tissue. They accordingly 
concluded that the sugars must have enhanced the back leak of alanine 
from the tissue into the mucosal medium. 

Similar interference by sugars with the renal absorption of practically 
all amino acids in man was reported by Fox et al. [445], general amin-
aciduria ensuing upon loading with glucose, fructose, or galactose. And 
the same three sugars (but not several others) blocked the accumulation 
of amino acids into rat kidney cortex slices in vitro [446]. The reciprocal 
relation, blocking of glucose absorption by infusion of assorted amino 
acids, has also been observed in dogs [447]. Disturbance by sugars of the 
renal handling of various anions is also evident, the enhanced phosphate 
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FIG. 12. The effect of sugars on the transfer of amino acids by rat gut everted sacs. The 
amino acid level was initially 7.5 mM in mucosal fluid; histogram bars show the average 
amounts transferred to the serosal side during a 30-minute incubation, ±SE; each represents 
at least five experiments. Indicated sugars at 28 mM; 3MG = 3-0-methyI-D-glucose; aMG 
= a-methyl-D-glucoside; Fruc. = D-fructose; Mann. = D-mannose. Note that glucose 
prevented or reversed the depression of amino acid uptake by galactose, 3MG, or aMG 
and that phlorhizin (0.5 mM) (inactive on basal uptake) prevented both stimulatory and 
inhibitory actions of the sugars on glycine absorption. Reassembled from data of Bingham 
et al. [436,438], with permission of Nature and of Elsevier Publishing Co. 

excretion reported in man [445,448,449] and cat [450] apparently being 
assignable to a decreased phosphate reabsorption capacity [451-453]; 
sugar loading similarly led to increased excretion of acetoacetate, sulfate 
[451], and ascorbate [454]. But phlorhizination of dogs has been said to 
nearly abolish phosphate loss in the urine [455], and it distinctly raises 
the reabsorptive capacity for the other ions mentioned [451,452]. Thus, 
if the several substrates interact by competition for the same reabsorp
tion sites, one must presume that in some way phlorhizin blocks this 
site selectively for the sugars only. 
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Thier et al [456] reported the mutual inhibition of sugar and amino 
acid uptake in rat kidney cortex slices in vitro to be kinetically noncom
petitive, and Alvarado [439] found only partially competitive kinetics in 
the inhibitory action of galactose (and, to a lesser extent glucose, 6-
deoxyglucose, 3-0-methylglucose, D-allose, and the methylglucosides) 
on cycloleucine uptake by hamster gut everted rings. This behavior has 
generally been construed as indicating indirect interaction by way of the 
elaboration of toxic by-products (notably galactose-1-phosphate) [445] 
or by the sharing of supportive or coupling processes, rather than action 
on the transport mechanism itself. However, Alvarado notes that the 
apparent sugar X t's in the depression of amino acid transport are sug
gestively close to their transport Km

9s [439], and he suggests allosteric 
interplay between neighboring sites on a common polyfunctional carrier 
as the basis for the variety of cross-influences among the several classes 
of transport substrates (including Na + ) . Read [441] challenged such an 
interpretation in respect to sugar-amino acid absorption, observing that, 
in the spiral gut of dogfish, galactose did not begin to modify the uptake 
of cycloleucine until several minutes after contact, while /^incubation 
with galactose (or other transported sugars) led to blockade of subse
quent amino acid uptake even in the nominal absence of the sugar. More
over, phlorhizin prevented this preincubation effect, while anoxia or 
DNP failed to do so even though galactose accumulation was abolished. 
Therefore Read again raised the suggestion that the sugar entry might be 
enhancing the amino acid efflux (perhaps through the common linkage 
to N a + movements). But Alvarado [442] counters this argument by 
showing that the hamster differs radically from the dogfish in reacting 
immediately to the presence of the sugar, linear cycloleucine uptakes 
then obtaining for several minutes (indicating an essentially unidirec
tional influx). Moreover, the preincubation effects were not evident in the 
hamster, and there is thus little reason in this species to suggest inter
action elsewhere than at the absorptive surface itself. 

Such interaction would seem to involve no single specific amino acid-
recognizing site, since Reiser and Christiansen [443] have recently re
ported parallel sugar interference with rat gut transport of valine, lysine, 
and glycine, each of which is believed to move primarily by way of a 
different transport system. Again the inhibition kinetics were largely 
wwcompetitive, and the inhibiting sugars failed to induce counterflow 
of the amino acids when suitable conditions prevailed for this. Accord
ingly, Reiser and Christiansen again propose here interaction at a com
mon energy-coupling step, and note that galactose's special prominence 
in such cross-inhibition is in keeping with its imposing additional de
mands for ATP (in the formation of galactose-1-phosphate), while 



438 P. G LEFEVRE 

glucose and fructose contribute to intracellular ATP stores and are 
appropriately poorer inhibitors, or even stimulants, of amino acid 
transfer. This view is in keeping with the finding of Hardcastle et al. 
[457] that iodoacetate, at metabolically inhibitory concentrations, 
changes the effect of glucose on amino acid absorption from a stimu
lation to a depression, and with the observation of Bingham et al. [458] 
that the sugars' inhibitory influences are apparent only when the sugars 
are presented from the mucosal side, and are blocked by phlorhizin, 
whereas the enhancing effect of the metabolized sugars is readily ob
tained from the serosal side. 

IV. ATTEMPTS AT CARRIER EXTRACTION OR SITE 
IDENTIFICATION 

Survival of the facilitated diffusion mechanism for sugar transport in 
crude "ghosts" of human erythrocytes following osmotic hemolysis 
has been reported by LeFevre [459] and Lacko [460]. Various efforts 
have been made to concentrate or to isolate the responsible membrane 
components from this and from other starting material. 

A. Phospholipid Preparations 

LeFevre et al. [461] described the association of phospholipids, mainly 
extracted from human erythrocyte ghosts, with various monosaccha
rides such that these highly hydrophilic molecules became solubilized in 
substantial stoichiometric ratios into organic solutes as apolar as hexane 
or benzene. Possible significance in relation to the hypothetical mem
brane sugar carrier was suggested by (a) progressive loss of the complex-
ing capacity in the phosphatides of cells treated with DNFB (roughly 
paralleling their loss of glucose transport capacity), (b) stilbestrol dis
placement of glucose from the complexes, and (c) a modest disparity in 
the apparent affinities of the common sugars that mimicked the sequence 
of the much more widely spread affinities in the intact cells' transport 
system. Nearly identical behavior has been described by Baker [462] for 
total lipid extracts of mouse intestine, major dissonance being noted 
between the sugar specificity in this process and that of active absorption. 
Mawdsley and Widdas [463] have also found a triphosphoinositide-like 
glucose-fixing component in erythrocyte ghosts that is DNFB- and 
Hg 2 +-sensitive, and that irreversibly loses its glucose in the presence of 
water. 
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The serious objection, that the breakdown of LeFevre's glucose-
phospholipid complexes upon contact with water was similarly irrever
sible (though severely limited at hexane-aqueous interfaces by the re
lative stability of the phospholipid monolayers) [464], was overcome by 
employing less totally apolar organic vehicles; in fact, Jung et al. [465] 
were able to show enhanced migration of glucose from water into 
chloroform upon addition of erythrocyte lipids, so that transfer into a 
second aqueous compartment through the chloroform was thereby 
enormously accelerated, mimicking grossly the " carrier" function [466]. 
But no saturation of the transfer could be achieved in this system at any 
feasible glucose input level. Flow analysis showed the interfacial pro
cesses (especially at the output side) to be rate-limiting for the sugar 
transfer; in keeping with this, the overall transfer coefficient proved to 
be essentially the same (per unit interfacial area) through gross volumes 
of phospholipid-laden chloroform as through a bimolecular film pre
pared from the same material [467]. 

However, the inanimate model retained no trace of the transport 
operation's well-developed selectivity between enantiomorphs of the 
same sugar. Moreover, the complexing capacity of the phospholipids 
(which appeared to be most marked in the lecithins) was vastly too great, 
exceeding by about a thousand-fold the apparent maximal functional 
complexing involved in glucose transfer [73,468]. Also, Hobson and 
Laris [469] reported identical solubilization capacities in phospholipids 
from erythrocyte ghosts of cattle (lacking the high-speed transport 
system) and of man. 

Moore and Schlowsky [470] have recently made the interesting claim 
that the comparative rates of movement of glucose and galactose into 
butanol from a rather dilute aqueous solution are reversed when human 
erythrocyte phospholipids are present, but not when the sugars are 
presented at a much higher level. This behavior superficially parallels 
characteristics of sugar entry into intact erythrocytes, noted by Wil-
brandt [471] as readily explicable in terms of the Widdas transport model 
equations; but these properties of the model derive specifically from 
consideration of the full transmembrane kinetics, and do not at all 
apply meaningfully to this two-phase system (which offers a counter
part only to the membrane entry step). 

B. Proteinaceous Preparations 

Using a mixture of two portions of a human erythrocyte suspension 
treated, respectively, with 3 H- and 14C-labeled DNFB in an appropriate 
way, Stein [472] sought to take advantage of the unusual second-order 
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kinetics of the DNFB inactivation of the sugar transport mechanism 
to obtain differential labeling of the critical sites against the large back
ground of the other DNFB-fixing sites on the membranes. But unfor
tunately the differential labeling appeared only rather diffusely in the 
amino acid residues of the "insoluble core" rather than in any of the 
soluble dinitrophenyl peptides secured by papain digestion of the mem
brane preparations. 

A series of more recent reports from Stein's laboratory [473-477] 
have involved a somewhat different use of such double labeling to 
distinguish selective binding of D-glucose in a mixture of this sugar 
with an isomer that is only poorly transported (L-sorbose or L-glucose). 
Two types of evidence have been thus adduced as indicative of such 
selective binding by human erythrocyte membranes and by various 
protein-rich extracts thereof: (a) embedded or adsorbed on inert columns 
in dilute neutral buffers, these preparations retard the elution of D-
glucose in comparison with the simultaneously added low-affinity 
analog, and (b) dialysis or ultracentrifugation from such sugar mixtures 
in the presence of the extracts leaves detectable relative excesses of D-
glucose retained with the protein material. These effects were appro
priately depressed by phloretin and by DNFB-pretreatment of the cells; 
the number of critical sites per cell appeared to be nearly 106, substanti
ally more than previously estimated for the intact cell or ghost transport 
function. Some initial refinement of the responsible protein was also 
described. 

LeFevre and Masiak, however, have seriously questioned these 
findings [478], reporting no detectable asymmetry in equilibrium dia
lysis distributions even under circumstances calculated to reveal as few 
as 50,000 binding sites/cell (if indeed they are present and functional in 
the extracts). Moreover, in regard to the column retardation phenome
non, a number of prominent characteristics were brought out which are 
not at all reconcilable with the simple binding interpretation, but which 
indicate instead that the ghosts form membrane-enclosed vesicles on the 
columns, which retain the selective permeation properties; some of this 
argument is shown in Fig. 13. 

Faust et al. [479,480] have revealed a binding of D-glucose (prefer
entially to D-mannose or D-arabinose) by hamster jejunum brush border 
preparations (following disruption by cold incubation with concentrated 
alkaline Tris buffer) by analyses on the supernatants after centrifugation. 
Many characteristics were noted regarding specificity of inhibition by 
other sugars and by assorted poisons, which conformed with known 
properties of intestinal sugar absorption. However, the phenomenon 
was maximally developed only by rather strict adherence to a particular 
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FIG . 13. The failure of glucose retardation on an erythrocyte ghost-impregnated column 
to conform to selective binding behavior. Ghosts prepared from ca. 10 ml of human 
erythrocytes by the method of Levine and Stein [475] were incorporated into a Celite column 
in dilute neutral phosphate and run through with 2 ml of a mixture of 2 m M 3H-D-glucose 
(high transport affinity) and 2 mM 1 4C-L-sorbose (low affinity). Upper panels: pattern of 
slow elution into cuts of ca. 1/8 ml, on logarithmic ordinate scale. Lower panels: resultant 
relative glucose retardation, expressed by the excess of cumulative sorbose elution over 
glucose elution, on a linear scale. Note that, with the undisturbed column (at left), steady 
glucose retardation (consistent with selective binding) persisted only through the elution 
peak, to be followed by a long-protracted retardation of sorbose; this behavior accords with 
the relative inability of the low-affinity analog to utilize carrier to penetrate, and later to es
cape from, the membrane-enclosed spaces within the column. The abolition of all differential 
sugar elution upon freeze-thawing (at right) reinforces this interpretation. Taken from a 
slide accompanying a report by LeFevre and Masiak [478]; previously unpublished. 

preparatory schedule, was demonstrable only at extremely low sugar 
levels (far below the range corresponding to transport parameters), 
appeared to be indifferent to N a + or ouabain, and (upon density gra
dient fractionation) was identified largely with the "inner core" of the 
microvilli rather than with any membranous fraction. Recently, Eich-
holz et al. [481] have corroborated many of these findings on nondis-
rupted brush border preparations, but have properly emphasized the 
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nonconformity of this binding with the characteristics of the intact 
sugar-absorptive system (more emphatically so by reason of several de
tails in which Eichholz's observations conflict with those of Faust). 
There currently seems little reason to identify the responsible component 
here with any aspect of the intestinal absorption apparatus. 

There is possible promise in a recently reported phlorhizin-sensitive 
glucose-binding protein obtained from the readily sedimented debris in 
rat muscle homogenates [482]. However, again the assay system involves 
use of glucose at only 1 μΜ, and it is not yet evident whether the binding 
characteristics resemble those of the transport apparatus or those of the 
Eichholz-Faust intestinal material. 

The fact that the prominent noncompetitive, irreversible inhibitors of 
sugar facilitated diffusion are established sulfhydryl reagents has fre
quently invited the proposition that some of the thiol groups on the 
cell surface proteins are critical to the initial transport step. However, 
many of these reagents also combine with amino groups, and Langdon 
and Sloan [483] have advanced the interesting hypothesis that such 
groups may form (Schiff's base) imines with carbonyl-bearing mono
saccharides as an essential prelude to the sugar transit. On the basis of 
kinetic analyses of the fixation of 1 4C-tracer from labeled glucose to 
erythrocyte or ghost membrane proteins in the presence of borohydride, 
evidently by reduction of such imines to stable amines, Langdon and 
Sloan purported to show appropriately high affinity in a rather small 
component of this fixation. But LeFevre [484], reanalyzing the published 
data with the same equations, found in fact quite precise accord with the 
presumption of only one homogeneous population of nonspecific, low-
affinity sites, so that these data could not possibly provide a legitimate 
basis for the calculations of magnitude and affinity constants for any 
alleged specific component. Moreover, Evans et al. observed that, 
following substantial apparent occupation of these sites by the boro
hydride reduction, no slowing of glucose transport could be detected 
[485]; and Kahlenberg [486] reported an even greater fixation of the 
nontransported L-isomer of glucose than of the D-form (and clear com
petition between the two for the apparent reaction with the amino 
groups). LeFevre [484] had also noted that 1-deoxy-D-glucose (lacking 
the carbonyl function) is transported into these cells, and Evans et al. 
find strong evidence in competition studies [485] that this occurs by way 
of the D-glucose transport mechanism; they also emphasize that the kine
tic equation on which the original hypothesis was based is completely 
invalidated by the fact that the borohydride rapidly disappears from 
these experimental mixtures. Langdon has himself collaborated in the 
demonstration [487] of the failure of the C-l oxygen of glucose to 
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exchange with that of water during passage through human erythrocyte 
membranes, but did not take this as firm evidence against the general 
transport mechanism postulated. In fact, each of the many reports of 
objections to the Langdon-Sloan hypothesis has been cushioned by ex
pressions of reserve, in view of the virtual impossibility of any definitive 
dismissal of the suggestion; nevertheless, it must be stressed that as yet 
no legitimate experimental argument whatever has been offered in its 
support. 

In summary of this entire section, then, the author must regretfully 
express serious disenchantment with every one of the potential leads thus 
far developed in the continuing search for means of isolating sugar 
carriers from animal cells, or of specific physicochemical characteri
zation of the bonding which must occur at the critical membrane sites. 
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